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pyruvate and glycerol via L-galactonate, L-threo-3-deoxy-hexulosonate and L- 
glyceraldehyde. The enzyme activities of GAR1, LGD1 and LGA1 were present in crude 
mycelial extract only when T. reesei  was grown on D-galacturonate. The corresponding 
genes were identified and cloned. They were functionally expressed in Saccharomyces 
cerevisiae, and the enzymes were characterised. GAR1 and LGA1 catalysed reversible 
reactions, whereas only the forward reactions were observed for LGD1 and GLD1. 
When gar1, lgd1 or lga1 was deleted in T. reesei the deletion strain was unable to 
grow with D-galacturonate as the only carbon source, demonstrating that all the 
corresponding enzymes were essential for D-galacturonate catabolism and that no 
alternative D-galacturonate pathway exists in T. reesei.
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Abstract 
Pectin is a natural polymer consisting mainly of D-galacturonic acid monomers. 
Microorganisms living on decaying plant material can use D-galacturonic acid 
for growth. Although bacterial pathways for D-galacturonate catabolism had 
been described previously, no eukaryotic pathway for D-galacturonate 
catabolism was known at the beginning of this work. The aim of this work was 
to identify such a pathway. 
In this thesis the pathway for D-galacturonate catabolism was identified in the 
filamentous fungus Trichoderma reesei. The pathway consisted of four 
enzymes: NADPH-dependent D-galacturonate reductase (GAR1), L-galactonate 
dehydratase (LGD1), L-threo-3-deoxy-hexulosonate aldolase (LGA1) and 
NADPH-dependent glyceraldehyde reductase (GLD1). In this pathway D-
galacturonate was converted to pyruvate and glycerol via L-galactonate, L-threo-
3-deoxy-hexulosonate and L-glyceraldehyde. 
The enzyme activities of GAR1, LGD1 and LGA1 were present in crude 
mycelial extract only when T. reesei was grown on D-galacturonate. The activity 
of GLD1 was equally present on all the tested carbon sources. The 
corresponding genes were identified either by purifying and sequencing the 
enzyme or by expressing genes with homology to other similar enzymes in a 
heterologous host and testing the activities. The new genes that were identified 
were expressed in Saccharomyces cerevisiae and resulted in active enzymes. 
The GAR1, LGA1 and GLD1 were also produced in S. cerevisiae as active 
enzymes with a polyhistidine-tag, and purified and characterised. GAR1 and 
LGA1 catalysed reversible reactions, whereas only the forward reactions were 
observed for LGD1 and GLD1. When gar1, lgd1 or lga1 was deleted in T. reesei 
the deletion strain was unable to grow with D-galacturonate as the only carbon 
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source, demonstrating that all the corresponding enzymes were essential for D-
galacturonate catabolism and that no alternative D-galacturonate pathway exists 
in T. reesei. 
A challenge for biotechnology is to convert cheap raw materials to useful and 
more valuable products. Filamentous fungi are especially useful for the 
conversion of pectin, since they are efficient producers of pectinases. 
Identification of the fungal D-galacturonate pathway is of fundamental 
importance for the utilisation of pectin and its conversion to useful products.  
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1. Introduction 
Mould fungi, yeast fungi and mushrooms are the most commonly known 
members of the fungal kingdom. Characteristic to fungi is their ability efficiently 
to degrade organic materials. They secrete a wide range of extracellular enzymes 
to break down complex substrates into simple components such as sugars and 
amino acids that can then be taken up by the fungus and further metabolised by 
numerous specialised pathways for growth and energy. This osmotrophic growth 
habit has enabled fungi to compete successfully with other organisms and to 
colonise diverse habitats. For example, they are important in degrading plant 
debris and in that way recycle carbon and other elements in the environment. On 
the other hand they also contaminate crops and cause many diseases in both 
plants and animals. 
The filamentous fungus Trichoderma reesei belongs to the subphylum 
Pezizomycotina of the phylum Ascomycota (NCBI Taxonomy Browser: 
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi). It is non-
pathogenic and has a long history of being safe to use for enzyme production in 
industrial scale (Nevalainen et al., 1994). It has an exceptionally efficient protein 
secretion system and it is one of the most important industrial producers of 
cellulases and hemicellulases that are used for hydrolysis of plant cell wall 
polysaccharides. It was one of the first fungi for which the entire genome was 
sequenced. The seven chromosomes of T. reesei comprise a genome of 34 Mbp. 
Although T. reesei has the lowest number of cellulase and hemicellulase genes 
of all sequenced plant cell wall-degrading fungi, it breaks down cellulose and 
hemicellulose efficiently. It has also very few pectinase genes in its genome and 
therefore it has been suggested that for pectin degradation T. reesei may largely 
depend on other fungi and bacteria in the soil (Martinez et al., 2008). T. reesei 
was originally discovered in the Solomon Islands during World War II, where it 
was found to be responsible for the rapid decomposition of US Army military 
1. Introduction 
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uniforms and cotton canvas tents (Reese, 1976). All T. reesei strains used 
nowadays in biotechnology and basic research have been derived from that 
single isolate QM6a (Reese et al., 1950). T. reesei was long believed to 
propagate only asexually and was shown to be an anamorph derived from the 
sexual (teleomorphic) ancestor Hypocrea jecorina (Kuhls et al., 1996). Recently, 
T. reesei QM6a was found to carry only the mating type MAT1-2, whereas some 
other H. jecorina isolates from different geographical locations contained only 
the opposite mating type MAT1-1. Heterothallic fungi require both types to be 
present for sexual reproduction. In mating experiments between strains QM6a 
and H. jecorina MAT1-1, sexual reproduction could be induced (Seidl et al., 
2009). 
Pectin is a common biopolymer in nature. Its backbone is a linear chain of D-
galacturonate molecules. Many bacterial species are able to utilise D-
galacturonate, and some bacterial catabolic pathways are known. Several fungal 
species, such as T. reesei, are able to grow using D-galacturonate as the only 
carbon and energy source. It was well established that fungi do not have the 
same set of enzymes to break down D-galacturonate as bacteria. However, it was 
not known how eukaryotic species catabolise D-galacturonate. In this thesis the 
first eukaryotic pathway for D-galacturonate catabolism was identified using T. 
reesei as the model organism.  
1.1 Pectin and D-galacturonate 
Pectin is a common component of the primary cell wall and middle lamella of all 
higher plants. The primary cell wall may contain approximately 35% pectin, 
30% cellulose, 25% hemicellulose and 10% structural protein, but the 
proportions vary greatly depending on the species and cell type (Brownleader et 
al., 1999). The amounts of pectin in some fruit and vegetable tissues are listed in 
Table 1.  
 
 
 
 
 
 
 
 
1. Introduction 
15 
Table 1. Pectin contents of some fruit and vegetable tissues. The amount of pectin is 
approximately tenfold higher in the dry matter compared to the fresh substance. Adapted 
from Jayani et al., 2005; Prasanna et al., 2007. 
Fruit/vegetable Tissue Substance Pectin content (%) 
African Mango Pulp Fresh 0.72 
Apple Pulp Fresh 0.5–1.6 
Apple Pomace Fresh 1.5–2.5 
Avocado Pulp Fresh 0.73 
Banana Pulp Fresh 0.7–1.2 
Cashew Pomace Fresh 1.28 
Cherry Pulp Fresh 0.24–0.54 
Guava Pulp Fresh 0.26–1.2 
Lemon Pulp Fresh 2.5–4.0 
Lemon  Peel Fresh 5.0 
Litchi Pulp Fresh 0.42 
Mango Pulp Fresh 0.66–1.5 
Orange Pulp Fresh 1.35 
Orange Peel Fresh 3.5–5.5 
Papaya Pericarp Fresh 0.66–1.0 
Passion fruit Pulp Fresh 0.5 
Passion fruit Rind Fresh 2.1–3.0 
Pea Pulp Fresh 0.9–1.4 
Peach Pulp Fresh 0.1–0.9 
Pineapple Pulp Fresh 0.04–0.13 
Strawberry Pulp Fresh 0.14–0.7 
Tomato Pulp Fresh 0.2–0.6 
Carrot Pulp Dry matter 6.9–18.6 
Orange Pulp Dry matter 12.4–28.0 
Potato Pulp Dry matter 1.8–3.3 
Tomato Pulp Dry matter 2.4–4.6 
Sugar beet Pulp Dry matter 10.0–30.0 
 
Pectin is a general name for a family of complex, highly heterogeneous 
polysaccharides with molecular masses ranging from 25 to 360 kDa (Jayani et 
al., 2005). Homogalacturonan, rhamnogalacturonan I, rhamnogalacturonan II 
and xylogalacturonan are some of the structural domains that form pectic 
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polysaccharides and may be covalently joined to each other (Perez et al., 2003). 
Their structures are presented in Figure 1. Approximately 70% of pectin is 
composed of D-galacturonic acid residues which are mainly found in the 
backbone of pectin (Mohnen, 2008). 
 
= 3-deoxy-D-lyxo-heptulosaric acid
= D-Galacturonic acid
= L-Rhamnose
= D-Xylose
= D-Galactose
= L-Galactose
= L-Arabinose
= L-Aceric acid
= D-Apiose
= D-Glucuronic acid
= L-Fucose
= 3-deoxy-D-manno-octulosonic acid
= Methyl
= Acetyl
Homogalacturonan
Rhamnogalacturonan I
Rhamnogalacturonan II
Xylogalacturonan
Arabinogalactan
side chain
Arabinan
side chain
 
Figure 1. The structures of homogalacturonan, rhamnogalacturonan I, rhamnogalacturonan 
II and xylogalacturonan. 
In the classical pectin structure long “smooth” regions may occasionally be 
interrupted by “hairy” regions. The “smooth” regions are composed of 
homogalacturonan, in which about 100 α-(1->4)-linked D-galacturonic acid 
residues form linear chains. In some plants the hydroxyl groups on C2 and C3 of 
the D-galacturonic acid residues may carry acetyl groups (Renard et al., 1995). 
The carboxyl groups at C6 of D-galacturonic acids can be methyl-esterified, 
which removes the negative charge and makes the homogalacturonan more 
hydrophobic. In native pectins the homogalacturonan is highly methyl-esterified, 
1. Introduction 
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with up to 70% of the carboxyl groups carrying a methyl group (Ralet et al., 
2001). Homogalacturonan with a low degree of methyl-esters is referred to as 
pectic acid or pectate. The negative charge of un-esterified carboxyl groups in 
pectin tends to expand the structure or interact through divalent cations. In the so 
called “egg-box model” (Figure 2) two or more antiparallel homogalacturonan 
chains are bound together via Ca2+ ions and form a gel (Grant et al., 1973). The 
pattern and degree of methyl-esterification is associated with the compressive 
strength, elasticity, water holding capacity and the porosity of the formed gels 
and hence also plays a role in vivo in determining the cell wall matrix properties. 
In addition, the ability of different pectinolytic enzymes to cleave pectin is 
strongly influenced by the degree of methyl- and acetyl-esterification (Willats et 
al., 2001b).  
 
Figure 2. In the “egg-box model” antiparallel homogalacturonan chains are bound via 
Ca2+ ions.  
Rhamnogalacturonan I, rhamnogalacturonan II and xylogalacturonan are 
structural domains that often have abundant and branched side chains and 
therefore are called the “hairy” regions of pectin. The backbone of 
rhamnogalacturonan I is composed of repeating (1->4)-α-D-galacturonic acid-
(1->2)-α-L-rhamnose disaccharide units. Neutral sugars, mainly L-arabinose and 
D-galactose, are present as side chains in the form of arabinan, galactan or two 
types of arabinogalactan, connected to the backbone through the C4 position of 
rhamnose (Carpita and Gibeaut, 1993). Pectin may also contain complex 
rhamnogalacturonan II, in which side chains are attached to a backbone of at 
least eight α-(1->4)-linked D-galacturonic acids and contain rare sugar residues 
such as L-fucose, D-glucuronic acid, D-apiose, 3-deoxy-D-manno-2-octulosonic 
acid and 3-deoxy-D-lyxo-2-heptulosonic acid (Vidal et al., 2000). In 
xylogalacturonan the α-(1->4)-linked D-galacturonic acid backbone is highly 
substituted at C3 with β-D-xylose (Zandleven et al., 2005). The chemical 
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composition, structure and amount of pectin vary depending on the plant 
material. Pectin has various functions in plants, for example in physiology, 
growth, development and defence mechanisms. Pectin is by no means an inert 
substance but is dynamically synthesised, modified and degraded during 
different development stages of the plant. Pectin is the major adhesive material 
between the plant cells and is for example involved in the control of cell wall 
porosity. When plant pathogens degrade pectin the released oligosaccharides 
may function as signalling molecules for the plant’s defence mechanisms. The 
rare sugars in the pectin structure may also have a defensive role against 
pathogens because they might make pectin more difficult to degrade (Willats et 
al., 2001a). 
1.2 Pectin degradation and D-galacturonate utilisation 
In order to gain access to the significant carbon and energy supply stored in 
pectin, organisms must first break it down to its components. A variety of 
pectinolytic enzymes such as pectin methyl-esterases, polygalacturonases, endo-
pectate lyases, endo-pectin lyases, rhamnogalacturonases, arabinases and 
galactanases are required to biodegrade completely the complex and 
heterogeneous structure of pectin. Pectinolytic activity is mainly found in mould 
fungi and bacteria. Aspergillus niger is one of the best producers of pectinases 
and almost all the commercially available pectin-degrading enzymes are 
produced by this mould fungus (Zandleven et al., 2005). Among the other 
extensively studied pectin-degrading mould fungi are the saprotrophs 
Aspergillus nidulans and T. reesei and the plant pathogens Botrytis cinerea, 
Fusarium oxysporum and Sclerotium sclerotiorum (Gamauf et al., 2007). Some 
Erwinia and Bacillus species are examples of bacteria with high pectinolytic 
activity (Ried and Collmer, 1986; Soares et al., 1999). Some yeast fungi, for 
example Cryptococcus albidus, Kluyveromyces marxianus and some strains of 
Saccharomyces cerevisiae also produce exocellular polygalacturonases and are 
therefore capable of degrading pectin (Blanco et al., 1999). In addition to 
bacteria and fungi, pectinolytic enzymes are also found in plants. For example 
the degradation of pectin is responsible for tissue softening of many fruits during 
the ripening process. For a review of pectinolytic enzymes see Jayani et al. 
(2005). 
D-Galacturonate is the main component of pectin and is therefore an important 
carbon source for many pectin-degrading microorganisms. However, the ability to 
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degrade pectin does not always mean that the organism is able to catabolise D-
galacturonate. Depolymerising pectin might aim only at exposing other cell wall 
polymers to degradation and utilisation, or at using some monosaccharides of 
pectin other than D-galacturonate as the carbon source. On the other hand, the 
coexistence of different species on pectic substances may explain why some 
species do not have strong pectinolytic activity but can catabolise D-galacturonate. 
Many bacterial and fungal species are able to grow using D-galacturonate as the 
only carbon and energy source. Different species have different kinds of catabolic 
D-galacturonate pathways. Furthermore, some plant and animal cells are able to 
metabolise D-galacturonate but their pathways are not catabolic but lead to 
production of L-ascorbate (vitamin C). These pathways are discussed below. 
1.2.1 Bacterial D-galacturonate pathways 
Two different catabolic D-galacturonate pathways have been found in bacteria. 
One has an isomerisation step and the other an oxidation step as the initial 
reaction. The isomerisation pathway was first reported in Escherichia coli 
(Ashwell et al., 1958). After that it was also found in several other bacteria 
including Erwinia carotovora (Kilgore and Starr, 1959b) and Erwinia 
chrysanthemi (Hugouvieux-Cotte-Pattat and Robert-Baudouy, 1987). This 
pathway is presented in Figure 3. In the pathway, D-galacturonate is first 
isomerised to form D-tagaturonate by a uronate isomerase (EC 5.3.1.12). D-
Tagaturonate is reduced to D-altronate by an NADH-dependent D-tagaturonate 
reductase (EC 1.1.1.58). A D-altronate dehydratase (EC 4.2.1.7) converts D-
altronate in an irreversible reaction to D-erythro-3-deoxy-hexulosonate, which is 
then phosphorylated by a 2-keto-3-deoxy-D-gluconate kinase (EC 2.7.1.45) to D-
erythro-3-deoxy-hexu-losonate-6-phosphate. This is cleaved by a 2-keto-3-deoxy-
6-phosphogluconate aldolase (EC 4.1.2.14) to form pyruvate and D-
glyceraldehyde-3-phosphate (Ashwell et al., 1960; Hickman and Ashwell, 1960; 
Smiley and Ashwell, 1960; Cynkin and Ashwell, 1960; Meloche and Wood, 
1964). The end-products of this pathway thus link D-galacturonate metabolism to 
the glycolytic path. 
An alternative, the oxidative pathway is presented in Figure 4. It was observed 
in Pseudomonas syringae and Agrobacterium tumefaciens, in which the initial 
step was an NAD-dependent oxidation of D-galacturonate to galactarate 
(mucate) (Kilgore and Starr, 1959a; Zajic, 1959). In physiological conditions the 
reaction was irreversible and the reaction was proposed to occur via 
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galactarolactone that is converted to galactarate by a spontaneous hydration step 
(Chang and Feingold, 1969; Wagner and Hollmann, 1976). Galactarate is more 
stable than its lactone form in neutral pH and the reverse reaction of the D-
galacturonate dehydrogenase (EC 1.1.1.203) was only observed at acidic pH, 
when some of the galactarate was in the lactone form (Wagner and Hollmann, 
1976). The D-galacturonate dehydrogenase was induced when cells were grown 
on D-galacturonate but not when grown on D-glucose (Chang and Feingold, 
1969; Bateman et al., 1970). In the following steps a dehydratase (EC 4.2.1.42) 
converted galactarate to 5-dehydro-4-deoxy-D-glucarate, then via the action of 
dehydratase-decarboxylase (EC 4.2.1.41) to α-ketoglutarate semialdehyde, 
possibly via a 2,5-diketoadipic acid intermediate and finally an NAD(P)-
dependent dehydrogenase (EC 1.2.1.26) completed the conversion to α-
ketoglutarate (Dagley and Trudgill, 1965; Chang and Feingold, 1969; Chang and 
Feingold, 1970). α-Ketoglutarate is an intermediate of the citric acid cycle. 
Azospirillum brasilense also has another NAD-preferring α-ketoglutarate 
semialdehyde dehydrogenase, the expression of which was induced during 
growth on galactarate (Watanabe et al., 2006b).  
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It was observed in polygalacturonate-adapted Pseudomonas that the degradation 
of polygalacturonate resulted in the monosaccharides D-galacturonate and 4-
deoxy-5-keto-L-threo-hexuronate. This catabolic route is presented in Figure 5. 
Polygalacturonate was first cleaved to oligosaccharides by a polygalacturonase 
enzyme (EC 4.2.2.2). Hydrolysis of the saturated oligosaccharide produced free 
D-galacturonate. This was further catabolised to pyruvate and D-glyceraldehyde-
3-phosphate via D-tagaturonate as in E. coli in Figure 3. Elimination of the 
unsaturated oligosaccharide produced 4-deoxy-5-keto-L-threo-hexuronate. The 
free D-galacturonate was not an intermediate in the formation of 4-deoxy-5-
keto-L-threo-hexuronate. The 4-deoxy-5-keto-L-threo-hexuronate was converted 
to 3-deoxy-D-glycero-2,5-hexodiulosonate by an isomerase (EC 5.3.1.17) and 
further to D-erythro-3-deoxy-hexulosonate by an NAD(P)H-dependent 
dehydrogenase (EC 1.1.1.127). The D-erythro-3-deoxy-hexulosonate was then 
phosphorylated to D-erythro-3-deoxy-hexulosonate-6-phosphate and cleaved by 
an aldolase to pyruvate and D-glyceraldehyde-3-phosphate. The last two 
reactions are the same as in the D-galacturonate pathway of E. coli (Figure 3). 
All the enzymes of both these pathways were induced when cells were grown on 
polygalacturonate, and D-galacturonate dehydrogenase activity was also present 
in the cell extract (Preiss and Ashwell, 1963a; Preiss and Ashwell, 1963b). 
1. Introduction 
23 
O
OH
OH
COO-
O
OH
OH
COO-
O O
OH
OH
COO-
O
OH
OH
COO-
OO O R2OR1
O
OH
OH
COO-
O
OH
OH
COO-
O O
OH
OH
COO-
O
OH
OH
COO-
O O R2OR1 +
POLYGALACTURONASE
O
OH
OH
COO-
OR1 +
O
OH
OH
COO-
O R2
+
HC
HC OH
CHHO
CHHO
HC
COO-
O
OH
HC
HC OH
CHHO
CH
C
COO-
O
OH
CHO
HC OH
CHHO
CH2
C
COO-
HYDROLYSIS
CHO
HC OH
CHHO
CHHO
HC OH
COO-
D-Galacturonate 4-Deoxy-5-keto-L-
threo-hexuronate
ELIMINATION
COO-
C O
CH2
HC
C
CH2OH
OH
O
COO-
C O
CH2
HC
HC
CH2OH
OH
OH
COO-
C O
CH2
HC
HC
CH2OPO32-
OH
OH CHO
HC
CH2OPO32-
OH
COO-
C O
CH3
3-Deoxy-D-
glycero-2,5-
hexodiulosonate
D-Erythro-3-
deoxy-
hexulosonate
D-Erythro-3-deoxy-
hexulosonate-6-
phosphate
D-Glyceraldehyde-
3-phosphate
Pyruvate
+
O
1 2 3 4
 
  
Figure 5. Polygalacturonate degradation in polygalacturonate-adapted Pseudomonas. 
The residues of the saturated oligosaccharide do not have double bonds, whereas the 
non-reducing terminal residue of the unsaturated oligosaccharide has a double bond 
between C4 and C5. 1 4-Deoxy-5-keto-uronate isomerase; 2 2-dehydro-3-deoxy-D-
gluconate 5-dehydrogenase; 3 2-keto-3-deoxy-D-gluconate kinase; 4 2-keto-3-deoxy-6-
phosphogluconate aldolase. Revised from the figure of Preiss and Ashwell 1963a. 
1.2.2 Metabolism of D-galacturonate in plants and animals  
Higher plants produce L-ascorbate mainly from D-glucose-6-phosphate via a 
pathway that has GDP-D-mannose and GDP-L-galactose as two of the 
intermediates (Pathway 1) (Wheeler et al., 1998): 
 
D-glucose-6-phosphate → D-fructose-6-phosphate → D-mannose-6-phosphate → 
D-mannose-1-phosphate → GDP-D-mannose → GDP-L-galactose → L-galactose-
1-phosphate → L-galactose → L-galactono-1,4-lactone → L-ascorbate        (1) 
 
However, there is evidence for alternative biosynthetic L-ascorbate pathways, 
one of which has D-galacturonate as an intermediate. A correlation between fruit 
softening and ripening, disassembling of pectin in the cell walls and elevation of 
the L-ascorbate content has been shown for example in strawberry fruit 
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(Medina-Escobar et al., 1997; Agius et al., 2003). It has been suggested that the 
D-galacturonate derived from pectin in the fruit ripening process is converted to 
L-ascorbate (Pathway 2). The enzymes of the pathway are D-galacturonate 
reductase, aldono-lactonase and L-galactono-1,4-lactone dehydrogenase (Davey 
et al., 1999; Agius et al., 2003). The conversion of D-galacturonate to L-
ascorbate in ripening strawberry has been confirmed by studying the metabolism 
of radiolabelled D-galacturonate-1-C14 (Loewus and Kelly, 1961). By contrast, 
studies with Arabidopsis thaliana showed that D-galacturonate itself did not 
serve as a substrate but only its non-ionic derivative, the D-galacturonate methyl 
ester, was converted to L-ascorbate (Davey et al., 1999): 
 
D-galacturonate (methyl ester) → L-galactonate → L-galactono-1,4-lactone → 
L-ascorbate            (2) 
 
It has also been suggested that plants may utilise some of the free D-
galacturonate for energy production. Phaseolus aureus (mung bean) seedlings 
contain an enzyme system capable of oxidising D-galacturonate to galactarate 
(Kessler et al., 1961). A partially purified enzyme from Citrus sinensis leaves 
was also able to catalyse oxidation of D-galacturonate in the presence of 
molecular oxygen to galactarate and H2O2. This enzyme had highest activity 
with D-galacturonate as substrate (Riov, 1975). Bacterial pathways are known in 
which galactarate is converted to α-ketoglutarate (Figure 4) (Dagley and 
Trudgill, 1965) or to pyruvate and D-glycerate (Hubbard et al., 1998). It is not 
certain whether galactarate catabolism is similar in eukaryotes.   
Those animals that do not require dietary L-ascorbate synthesise it from D-
glucose-6-phosphate in the liver or kidneys (Pathway 3). The last three enzyme 
reactions resemble the alternative L-ascorbate synthesis pathway in plants 
(Pathway 2) (Agius et al., 2003). In fact, when either D-glucuronate or D-
galacturonate was incubated with a cell-free preparation of rat liver, L-ascorbate 
was produced (Ul Hassan and Lehninger, 1956).   
 
D-glucose-6-phosphate → D-glucose-1-phosphate → UDP-D-glucose → UDP-
D-glucuronate → D-glucuronate-1-phosphate → D-glucuronate → L-gulonate 
→ L-gulono-1,4-lactone → L-ascorbate          (3) 
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1.2.3 Earlier observations concerning D-galacturonate catabolism 
in mould fungi 
D-Galacturonate catabolism in the filamentous fungus A. nidulans was 
concluded to be different from that in E. coli because the enzyme activities of 
the bacterial pathway were not found in this mould fungus after growing on D-
galacturonate. Furthermore, A. nidulans does not catabolise D-galacturonate 
through one of the main carbohydrate degradation pathways, which was shown 
by growing several D-galacturonate non-utilising mutant strains on different 
carbon sources. For example on D-glucose and D-xylose these mutants grew 
normally (Uitzetter et al., 1986). The pentose phosphate pathway appeared to 
have some role in D-galacturonate catabolism because an A. nidulans mutant 
with an inoperative transaldolase showed almost no growth on D-galacturonate. 
Mutants of A. nidulans with inoperative pyruvate carboxylase or pyruvate 
dehydrogenase had poor or no growth on D-galacturonate. Therefore pyruvate 
was predicted to be one of the degradation products of D-galacturonate. A 
mutant lacking pyruvate kinase activity grew on D-galacturonate, which 
indicated that pyruvate was not produced from D-galacturonate via phosphoenol 
pyruvate (Uitzetter et al., 1982). The relationship between these enzyme 
reactions is presented in Figure 6. 
In addition, the A. nidulans mutants that were unable to utilise glycerol were 
also unable to grow on D-galacturonate (Uitzetter et al., 1982). Furthermore, 
when a wild-type strain of A. nidulans was transferred from D-fructose to 
glycerol or D-galacturonate medium the glycerol kinase and FAD-dependent 
mitochondrial glycerol-3-phosphate dehydrogenase activities were induced. 
Induction of NADH-dependent D-glyceraldehyde reductase and alcohol 
dehydrogenase activities was also observed. However, it was suggested that the 
alcohol dehydrogenase is responsible for both these activities. After transfer to 
D-galacturonate, NAD-dependent cytosolic glycerol-3-phosphate dehydrogenase 
and weak dihydroxyacetone (DHA) kinase and D-glyceraldehyde kinase 
activities were also induced (Hondmann et al., 1991). These results indicated 
that the glycerol and D-galacturonate pathways are linked in some way. It was 
suggested that D-glyceraldehyde is the common intermediate. It was also 
predicted that in A. nidulans D-galacturonate is metabolised through a non-
phosphorylating pathway, because glyceraldehyde-3-phosphate did not appear to 
be one of the end products (Uitzetter et al., 1986). Studies with A. niger, a 
related filamentous fungus species, supported the suggested connection between 
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the glycerol and D-galacturonate pathways. A glycerol kinase mutant strain of A. 
niger grew poorly on glycerol and on D-galacturonate. When the mutant strain 
was transferred from D-glucose to D-galacturonate it accumulated glycerol in 
the culture. Therefore, it was concluded that in this filamentous fungus D-
galacturonate is converted to glycerol, which cannot be further metabolised by 
the glycerol kinase mutant strain. 
It was proposed that the D-galacturonate catabolic pathway in A. nidulans 
contains at least two enzymes. This was because two separate gene sites with 
point mutations produced strains that were unable to grow specifically on D-
galacturonate (Uitzetter et al., 1986). It was not until 22 years later that these 
genes were reported to code for D-galacturonate reductase and L-galactonate 
dehydratase (Martens-Uzunova and Schaap, 2008). A microarray analysis some 
years earlier had shown that when A. niger was grown on D-galacturonate the 
genes possibly coding for an aldo-keto reductase, a racemase and an aldolase 
were co-expressed (Martens-Uzunova et al., 2005). The degradation of D-
galacturonate was proposed also to involve an NADP+-dependent glycerol 
dehydrogenase-catalysed reaction because this activity was induced on D-
galacturonate. The enzyme was proposed to reduce D-glyceraldehyde in the 
reverse reaction but not to use DHA as a substrate (Witteveen et al., 1990). An 
NADP+-dependent glycerol dehydrogenase activity was also specifically 
induced in A. nidulans during growth on D-galacturonate (Sealy-Lewis and 
Fairhurst, 1992)  
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Figure 6. Relationship between different enzyme reactions that may be involved in D-
galacturonate catabolism in mould fungi (adapted from Tom et al., 1978). 1 Glycerol 
kinase; 2 NAD+- or NADP+-dependent glycerol dehydrogenase; 3 alcohol 
dehydrogenase/NADH-dependent D-glyceraldehyde reductase or NADP+-dependent 
glycerol dehydrogenase; 4 NAD+- or FAD-dependent glycerol-3-phosphate 
dehydrogenase; 5 DHA kinase; 6 D-glyceraldehyde kinase; 7 triose phosphate 
isomerase; 8 aldolase; 9 pyruvate carboxylase; 10 pyruvate dehydrogenase; 11 pyruvate 
kinase.  
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1.3 Examples of non-phosphorylated catabolic pathways 
Some known catabolic pathways in which no phosphorylation step is involved 
and in which a 2-keto-3-deoxy sugar acid is one of the intermediates are 
presented in Figure 7. A. niger converts D-galactose to pyruvate and D-
glyceraldehyde via a non-phosphorylated route. In this pathway D-galactose is 
first oxidised to D-galactono-1,4-lactone in the presence of NAD+ by a D-
galactose dehydrogenase (EC 1.1.1.48). The D-galactono-1,4-lactone is then 
linearised by a lactonase (EC 3.1.1.25) to D-galactonate. An inducible D-
galactonate dehydratase (EC 4.2.1.6) was proposed to convert the D-galactonate 
to 2-keto-3-deoxy-D-galactonate, after which a constitutive 2-keto-3-deoxy-D-
galactonate aldolase converts this metabolite further to pyruvate and D-
glyceraldehyde (Elshafei and Abdel-Fatah, 2001). The last two reactions had 
also been detected in Aspergillus terreus (Elshafei and Abdel-Fatah, 1991). 
A. niger is also able to catabolise D-glucose to D-glyceraldehyde and pyruvate 
through a similar pathway. A. niger oxidises D-glucose to D-glucono-1,5-lactone 
by a glucose oxidase (EC 1.1.3.4) in the presence of molecular oxygen. This 
filamentous fungus also has a gluconolactonase enzyme (EC 3.1.1.17) that 
converts D-glucono-1,5-lactone to D-gluconate (Ogawa et al., 2002). D-
Gluconate is dehydrated to 2-keto-3-deoxy-D-gluconate by a D-gluconate 
dehydratase (EC 4.2.1.39). This is further cleaved to D-glyceraldehyde and 
pyruvate by a 2-keto-3-deoxy-D-gluconate aldolase (EC 4.1.2.20) (Elzainy et 
al., 1973). A similar pathway, the non-phosphorylated Entner-Doudoroff 
pathway, also operates in thermophilic archaea (Buchanan et al., 1999; Siebers 
and Schönheit, 2005). Here the only difference is in the first reaction from D-
glucose to D-glucono-1,5-lactone, which is catalysed by a glucose 
dehydrogenase (EC 1.1.1.47) instead of a glucose oxidase. 
L-Rhamnose catabolism in the yeast fungus Pichia stipitis and the bacterium 
Azotobacter vinelandii also involves non-phosphorylated intermediates. The 
enzymes of the pathway are NAD(P)+-dependent L-rhamnose dehydrogenase 
(EC 1.1.1.173), L-rhamnono-1,4-lactonase (EC 3.1.1.65), L-rhamnonate 
dehydratase (EC 4.2.1.90), 2-keto-3-deoxy-L-rhamnonate aldolase and 
NAD(P)+-dependent L-lactaldehyde dehydrogenase (EC 1.2.1.22). These 
enzymes convert L-rhamnose to pyruvate and L-lactate via the intermediates L-
rhamnono-1,4-lactone, L-rhamnonate, 2-keto-3-deoxy-L-rhamnonate and L-
lactaldehyde (Twerdochlib et al., 1994; Watanabe et al., 2008a, Watanabe et al., 
2008b). 
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Figure 7. Non-phosphorylated catabolism of A) D-galactose, B) D-glucose, C) L-
rhamnose and D) L-arabinose in different organisms. 
In some bacteria L-arabinose is also believed to be catabolised via a non-
phosphorylated pathway. L-Arabinose is oxidised to L-arabinono-1,4-lactone by 
an NAD(P)-dependent dehydrogenase (EC 1.1.1.46) and the lactone is cleaved 
by a lactonase (EC 3.1.1.15) to L-arabinonate. Then a dehydratase (EC 4.2.1.25) 
converts L-arabinonate to 2-keto-3-deoxy-L-arabinonate (Watanabe et al., 
2006a; Watanabe et al., 2006c). In Pseudomonas strain MSU-1, 2-keto-3-deoxy-
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L-arabinonate is cleaved to pyruvate and glycolaldehyde by an aldolase (EC 
4.1.2.18) (Dahms and Anderson, 1969). 
1.4 Hypotheses and objectives of the work 
D-Galacturonate is the major component of pectin and a potential carbon source 
for microorganisms living on decaying plant material. Bacterial catabolic D-
galacturonate pathways are known but similar pathways have not been reported 
in eukaryotes. However, many species of yeast and mould fungi are able to 
utilise and grow on D-galacturonate. This indicates that in eukaryotic 
microorganisms a catabolic D-galacturonate pathway exists which is different 
from the bacterial pathways. The aim of this work was to determine how 
eukaryotes catabolise D-galacturonate and what enzymes and intermediate 
metabolites form the pathway. The filamentous fungus T. reesei was chosen as 
the model organism. 
Some plant materials such as the peel of citrus fruits and sugar beet pulp are 
especially rich in pectin. Large amounts of these pectin-rich residues are 
produced as side products of the food industry. They are mainly used as animal 
feed after drying and pelletising. However, these residues have relatively low 
feed value and drying consumes energy. Therefore it would be desirable to 
convert this cheap and renewable raw material to products of higher value.  
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2. Materials and methods 
The filamentous fungus Trichoderma reesei was able to grow on D-
galacturonate. Its genome sequence was known and was publicly available at the 
Joint Genome Institute website (http://genome.jgi-psf.org/Trire2/Trire 
2.home.html). Furthermore, T. reesei has been extensively studied in our 
laboratory and many genetic engineering techniques have been developed for 
working with this mould fungus. For example, a good cDNA library of the strain 
Rut C-30 had already been made, which facilitated cloning of the genes. T. 
reesei was therefore chosen as the model organism in this study. The strains that 
were used to study the different enzymes of the D-galacturonate pathway are listed 
in Table 2. 
Table 2. The T.  reesei strains used in this work. 
Enzyme Enzyme activity 
observed in strain 
Gene cloned 
from strain 
Gene deleted  
from strain 
GAR1 
LGD1 
LGA1 
GLD1 
GLD2 
Rut C-30 
Rut C-30 
VTT-D-80133 
Rut C-30 and QM6a 
Rut C-30 and QM6a 
Rut C-30 
Rut C-30 
Rut C-30 
Rut C-30 
QM6a 
QM6a (Mojzita et al., 2010) 
Rut C-30 
QM6a 
 
T. reesei was grown in liquid culture that contained 20 g/l of the main carbon 
source, 2 g/l (in GAR1 and GLD1 experiments) or 0.5 g/l (in LGD1 and LGA1 
experiments) of proteose peptone and also 15 g/l KH2PO4, 5 g/l (NH4)2SO4, 0.6 
g/l MgSO4*7H2O, 0.6 g/l CaCl2*2H2O, and trace elements (Mandels and Weber, 
1969) at 28ºC. Before harvesting T. reesei was typically grown on D-
galacturonate for five days. Growth on this substrate was slower than on all the 
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other used carbon sources. Difference in the growth rate on D-galacturonate was 
not observed between the used T. reesei host strains. 
The work proceeded stepwise along the pathway starting by finding the 
pathway’s first enzyme exhibiting activity with D-galacturonate. When the 
reaction product of the previous enzyme was identified it was then used as the 
reaction substrate for the next enzyme. Some of the intermediate substrates had 
to be prepared chemically or enzymatically, since they were not commercially 
available. The enzyme activities were measured using crude mycelial extracts of 
T. reesei grown aerobically on D-galacturonate, and for comparison on other 
carbon sources. Enzyme activities were measured as U/mg, i.e. micromoles of 
substrate per minute per milligram of protein. The gene coding for the enzyme 
was identified either by purifying and sequencing the enzyme or by directly 
cloning a gene from the T. reesei cDNA library based on sequence homology to 
other similar enzymes. The cloned genes were expressed in S. cerevisiae, the 
enzyme activities were verified and the enzymes were further characterised. 
Some of the pathway’s genes were deleted from T. reesei by replacing them with 
a hygromycin B resistance gene by homologous recombination. The effect of the 
gene deletion was then studied by growing the deletion strains on D-
galacturonate. The materials and methods are described in more detail in the 
original articles. The used methods are listed in Table 3. 
Table 3. Methods used in the original articles (I–IV). 
Method Used in 
Chemical or enzymatic preparation of reaction substrates III, IV 
Cloning a fungal gene based on homology II, III 
Constructing a fungal deletion strain II, IV 
Dry mass measurements II, IV 
Enzyme activity measurements I–IV 
Expressing fungal genes in S. cerevisiae I–IV 
Metabolite analysis, HPLC or NMR II, IV 
Protein purification and partial sequencing I, IV 
RNA extraction and Northern hybridisation I, II 
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3. Results 
A novel catabolic D-galacturonate pathway was identified in the filamentous 
fungus Trichoderma reesei. It consisted of four enzymes which were described 
in four separate publications. The enzymes were NADPH-dependent D-
galacturonate reductase (GAR1), L-galactonate dehydratase (LGD1), L-threo-3-
deoxy-hexulosonate aldolase (LGA1) and NADPH-dependent glyceraldehyde 
reductase (GLD1). This fungal pathway converted D-galacturonate to pyruvate 
and glycerol as presented in Figure 8. 
3.1 D-Galacturonate reductase (I) 
T. reesei grown on D-galacturonate had an NADPH-dependent D-galacturonate 
reductase activity in the crude mycelial extract. When the mould fungus was 
grown on D-glucose, D-fructose, D-galactose, D-xylose, or glycerol this activity 
was absent. 
3.1.1 Cloning the D-galacturonate reductase 
In order to identify the gene sequence of the T. reesei D-galacturonate reductase, 
the enzyme was purified from mycelial extract after growth on D-galacturonate. 
The purified enzyme with an estimated molecular mass of 40 kDa was digested 
with trypsin and the amino acid sequences of two fragments were obtained. 
These peptide sequences corresponded to a T. reesei cDNA sequence in public 
databases where only the 3’ end of the open reading frame was reported. The 
genomic sequence of T. reesei upstream from this partial open reading frame 
was compared to previously reported aldo-keto reductase sequences and six 
possible start codons were detected. T. reesei cDNA library and six different 
sense primers were used with an antisense primer to identify the correct start 
codon. In this way the open reading frame was identified and cloned. It coded
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for a 309 amino acid protein with a molecular mass of 33 940 Da. The 
corresponding genomic DNA sequence had five introns. The open reading frame 
was expressed in S. cerevisiae in a multicopy plasmid under a constitutive 
promoter which resulted in the production of an active enzyme in this 
heterologous host. The gene was called gar1 and the sequence was deposited in 
NCBI GenBank with accession number AY862503. In the T. reesei genome 
database v2.0 it has a protein ID 22004. 
3.1.2 Characterisation of the D-galacturonate reductase 
The partially purified T. reesei D-galacturonate reductase used NADPH as a 
cofactor. The reverse reaction was observed with L-galactonate and NADP+. No 
activity was observed with L-galactono-1,4-lactone as a substrate.  
To facilitate purification the D-galacturonate reductase was produced in S. 
cerevisiae with a C-terminal polyhistidine tag. The tagged and the nontagged 
protein had the same activity in the crude yeast extract and the purified tagged 
protein was used for kinetic analysis. The D-galacturonate reductase exhibited 
activity in the forward direction with D-galacturonate, D-glucuronate and DL-
glyceraldehyde. The Michaelis-Menten constants were Km = 6 mM and Vmax = 
40 U/mg, Km = 11 mM and Vmax = 25 U/mg, and Km = 6 mM and Vmax = 7 
U/mg, respectively. The cofactor was always NADPH, for which the Michaelis-
Menten constants were Km = 30 µM and Vmax = 40 U/mg when D-galacturonate 
was used as a substrate. No activity was observed when D-glucose, D-fructose, 
D-xylose, D-galactose, L-arabinose, or D-mannose were tested as substrates. In 
the reverse direction L-galactonate and NADP+ served as substrates with 
Michaelis-Menten constants Km = 4 mM and Km = 1 µM, respectively, and Vmax 
= 2 U/mg. No backward reaction was observed with L-galactono-1,4-lactone, L-
gulonate, glycerol, D-arabitol, L-arabitol, xylitol, galactitol or ribitol. 
Expression of the D-galacturonate reductase gene was studied with Northern 
blot analysis on different carbon sources. When T. reesei was grown on D-
fructose, D-xylose, lactose, D-galactose, glycerol and D-mannose a basic 
expression level was observed, but on D-galacturonate the expression level was 
8 times and on D-glucose 3 times greater. 
The D-galacturonate reductase gene in T. reesei was deleted by replacing it 
with a hygromycin B resistance gene by homologous recombination. When 
grown in liquid cultures with D-galacturonate and peptone for five days the host 
strain produced about 3 g/l of biomass, whereas the deletion strain produced 
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only about 0.5 g/l of biomass. Both strains produced about 0.2 g/l of biomass 
when only the peptone was included in the medium. Deletion of the D-
galacturonate reductase gene also resulted in an impaired sporulation ability on 
PD (potato dextrose) agar plates. The spores could be obtained by growing the 
deletion strain on plates containing 10% carrot juice (Mojzita et al., 2010). 
3.2  L-Galactonate dehydratase (II) 
T. reesei was grown on D-galacturonate and the mycelial extract was tested for 
different enzyme activities. When L-galactonate was added to the mycelial 
extract we observed the formation of a reducing sugar. The enzyme activity 
which formed a reducing sugar from L-galactonate was present in T. reesei 
mycelia grown on D-galacturonate but absent when grown on D-galactose, D-
glucose, D-xylose, D-fructose, lactose, or glycerol. In addition a reaction 
mixture of L-galactonate and crude mycelial extract of T. reesei grown on D-
galacturonate was analysed using electrospray ionisation mass spectrometry 
(ESI-MS). It was observed that the reaction product was a molecule with a mass 
of one water molecule less than the mass of L-galactonate, and had a different 
MS-MS spectrum from the lactone form of L-galactonate. Some pyruvate was 
also formed, which provided a clue about the subsequent reactions. Since no 
redox cofactor was involved and a water molecule was split off, the second 
enzyme in the pathway was concluded to be a dehydratase. 
3.2.1 Cloning the L-galactonate dehydratase 
Different approaches were tested in order to purify the L-galactonate 
dehydratase. However, in all the trials the L-galactonate dehydratase lost its 
activity in the purification process and we were not able to obtain pure protein 
that could have been sequenced. In order to identify the gene coding for an L-
galactonate dehydratase the amino acid sequences of E. coli and Brucella 
melitensis D-galactonate dehydratases (EC 4.2.1.6) were compared to the T. 
reesei genome sequence. Six open reading frames of potential dehydratases were 
then cloned using T. reesei cDNA or RNA as a template. They all were 
expressed in S. cerevisiae under a constitutive promoter in a multicopy plasmid. 
The cell extracts of these yeast strains were then assayed for reducing sugar 
formation from L-galactonate. S. cerevisiae does not have L-galactonate 
dehydratase activity but one of the expressed open reading frames resulted in a 
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significant activity with L-galactonate as a substrate. This gene was called lgd1 
and the sequence was deposited in NCBI GenBank with accession number 
DQ181420. It coded for a protein of 450 amino acids and had one intron in the 
corresponding genomic DNA sequence. Since such an enzyme activity was not 
described previously it does not have an EC (Enzyme Commission) number. In 
the Brenda database (www.brenda-enzymes.info) it was listed with the 
preliminary number EC 4.2.1.B1. In the T. reesei genome database v2.0 it has a 
protein ID 104599. 
3.2.2 Characterisation of the L-galactonate dehydratase 
The L-galactonate dehydratase gene was expressed in S. cerevisiae, resulting in 
an active enzyme that produced a reducing sugar from L-galactonate. The 
reaction mixture was analysed by NMR spectroscopy to identify the reaction 
product. The results showed that the product was L-threo-3-deoxy-hexulosonate 
(2-keto-3-deoxy-L-galactonate) and that it predominantly existed as a pyranose 
ring. Over 85% of the product existed as one anomer of the pyranose ring but it 
could not be determined which one of the two anomers it was. The enzyme also 
exhibited stereospecificity at the C3 position, since it attached a hydrogen atom 
only to the axial position during the reaction. 
The L-galactonate dehydratase activity in the crude mycelial extract of T. 
reesei grown on D-galacturonate was 0.018 U/mg protein (0.3 nkat/mg) and in 
the cell extract of S. cerevisiae expressing the lgd1 it was 0.009 U/mg protein 
(0.15 nkat/mg). Here the L-galactonate concentration was 7.5 mM. The product 
L-threo-3-deoxy-hexulosonate was measured with a thiobarbituric acid (TBA) 
assay (Buchanan et al., 1999). 
The L-galactonate dehydratase was polyhistidine tagged either at the N- or C-
terminus and produced in S. cerevisiae. The tag at the C-terminus resulted in an 
inactive protein and the N-terminally tagged protein had only about one fifth of 
the activity of untagged protein in yeast extract. Since the tag apparently 
interfered with the activity, the crude cell extract of the yeast strain expressing 
untagged lgd1 was used to characterise the enzyme kinetics. Different sugar 
acids were tested for the substrate specificity of L-galactonate dehydratase. It 
produced a reducing sugar from L-galactonate and D-arabinonate. Activity with 
D-arabinonate was about half of that with L-galactonate. No activity was 
observed when D-galactonate, D-gluconate, D-xylonate, or L-gulonate were 
used as substrates. The Km for L-galactonate was estimated to be 5 mM. L-
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Galactonate at a concentration of 20 mM was completely converted to L-threo-
3-deoxy-hexulosonate in 24 hours. This suggested that the energetic equilibrium 
is strongly on the side of the reaction product. The enzyme required bivalent 
cations (Mg2+) for activity and no activity was observed in the presence of 5 mM 
EDTA. The TBA assay that was used to determine enzyme kinetics was 
disturbed by high substrate concentrations. When the same reactions were 
measured with 3,5-dinitrosalicylate (DNS) assay (Bernfeld, 1955) the high 
substrate concentration did not interfere with the assay. 
Northern blot analysis was used to study expression of the L-galactonate 
dehydratase gene on different carbon sources. The expression level was the same 
on D-galacturonate, glycerol and lactose and three times higher on D-glucose 
and D-xylose. 
The L-galactonate dehydratase gene in T. reesei was deleted by replacing it 
with a hygromycin B resistance gene by homologous recombination. When 
grown in liquid cultures with D-galacturonate and peptone for five days the host 
strain produced about 2.4 g/l of biomass, whereas the deletion strain produced 
only 0.1 g/l of biomass. Both strains also produced 0.1 g/l of biomass when only 
the peptone was included in the medium. The deletion strain also accumulated 
L-galactonate in the culture; in five days it produced 1.3 g/l of L-galactonate, 
whereas 0.4 g/l was produced by the host strain (unpublished results). The 
growth on D-galacturonate was restored when the lgd1 was retransformed to the 
deletion strain. 
3.3 L-Threo-3-deoxy-hexulosonate aldolase (IV) 
The first indication of an aldolase reaction in the D-galacturonate pathway was 
when pyruvate was detected after incubating L-galactonate with crude mycelial 
extract of T. reesei grown on D-galacturonate. The formed pyruvate was 
identified by ESI-MS as well as by assaying with lactate dehydrogenase. After 
the L-galactonate dehydratase had been characterised and shown to produce L-
threo-3-deoxy-hexulosonate, this compound was prepared and used as the 
reaction substrate in the search for the next enzyme on the pathway. The crude 
mycelial extract mixed with L-threo-3-deoxy-hexulosonate produced pyruvate. 
The reverse reaction was also observed, since a compound giving a signal in the 
TBA assay was formed when pyruvate and L-glyceraldehyde were incubated 
with the crude mycelial extract. The L-threo-3-deoxy-hexulosonate aldolase 
activity was induced in T. reesei during growth on D-galacturonate but not on D-
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glucose, D-xylose, lactose, or glycerol. Such an enzyme activity had not been 
described previously. 
3.3.1 Cloning the L-threo-3-deoxy-hexulosonate aldolase 
The L-threo-3-deoxy-hexulosonate aldolase was partially purified from T. reesei 
mycelial extract after growth on D-galacturonate. The obtained 37 kDa protein 
was digested with trypsin and four peptide sequences were obtained for 
identifying the coding sequence from the T. reesei genome. The open reading 
frame was cloned from cDNA, and comparing it to the genomic DNA showed 
that there were no introns. The gene was named lga1 and the sequence was 
deposited in NCBI GenBank with the accession number EF203091. It coded for 
a 315 amino acid protein. In the T. reesei genome database v2.0 it has a protein 
ID 60067. The gene was expressed in S. cerevisiae under a constitutive promoter 
in a multicopy plasmid and this heterologous host produced an active protein.  
3.3.2 Characterisation of the L-threo-3-deoxy-hexulosonate 
aldolase 
The L-threo-3-deoxy-hexulosonate aldolase activity in the crude mycelial extract 
of T. reesei grown on D-galacturonate was 0.16 U/mg of protein in the forward 
direction with L-threo-3-deoxy-hexulosonate as a substrate. L-Glyceraldehyde 
and pyruvate were substrates in the reverse direction and the enzyme activity 
was 0.20 U/mg of protein. When L-glyceraldehyde was replaced with D-
glyceraldehyde the activity was 0.01 U/mg of protein. This was close to the 
detection limit, which was about 3% of the activity with L-glyceraldehyde. In 
fact D-glyceraldehyde appeared to be a reaction inhibitor, although the actual 
mechanism is not known. From the enzyme activity it was seen that when DL-
glyceraldehyde was used as a substrate instead of L-galactonate the reaction was 
only about 10% (0.02 U/mg of protein) of that with L-glyceraldehyde, rather 
than the anticipated 50%. The L-threo-3-deoxy-hexulosonate aldolase activity in 
the cell extract of S. cerevisiae expressing the lga1 was 0.05 U/mg of protein. 
A polyhistidine tag was added to the N- or C-terminus of the L-threo-3-deoxy-
hexulosonate aldolase and the protein was produced in S. cerevisiae. The C-
terminally tagged enzyme had only about one third of the activity of untagged 
enzyme, but the N-terminal tag did not interfere with the activity. The purified 
N-terminally tagged protein was used in further enzyme characterisations. 
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Substrate specificity in the forward direction was tested with L-threo-3-deoxy-
hexulosonate (2-keto-3-deoxy-L-galactonate), D-glycero-3-deoxy-pentulosonate 
(2-keto-3-deoxy-D-arabinonate), and D-threo-3-deoxy-hexulosonate (2-keto-3-
deoxy-D-galactonate). Pyruvate was produced when L-threo-3-deoxy-
hexulosonate or D-glycero-3-deoxy-pentulosonate was a reaction substrate. The 
Michaelis-Menten constants for L-threo-3-deoxy-hexulosonate were Km = 3.5 
mM and Vmax = 20.3 U/mg and for D-glycero-3-deoxy-pentulosonate Km = 3.8 
mM and Vmax = 12.5 U/mg. Substrate specificity in the reverse direction was 
tested with pyruvate and different aldehydes and ketones. Activity was observed 
with L-glyceraldehyde, glycolaldehyde, and methylglyoxal. The Michaelis-
Menten constant Km for pyruvate was 0.5 mM and for L-glyceraldehyde 1.2 
mM, and the Vmax was about 6.5 U/mg. For glycolaldehyde the constants were 
Km = 6.5 mM and Vmax = 0.9 U/mg. 
The L-threo-3-deoxy-hexulosonate aldolase gene in T. reesei was deleted by 
replacing it with a hygromycin B resistance gene by homologous recombination. 
When grown in liquid cultures with D-galacturonate and peptone for six days the 
host strain produced about 4.7 g/l of biomass, whereas the deletion strain 
produced only 0.2 g/l. Both strains produced 0.1 g/l of biomass when only the 
peptone was included in the medium. The deletion strain also accumulated L-
threo-3-deoxy-hexulosonate in the culture; in six days it accumulated 3.6 g/l of 
L-threo-3-deoxy-hexulosonate whereas only 0.3 g/l accumulated with the host 
strain. Retransforming the lga1 to the deletion strain restored the growth on D-
galacturonate. 
3.4 Glyceraldehyde reductase and DHA reductase (III) 
On the basis of previous knowledge from other filamentous fungi it was 
suspected that T. reesei has at least one NADPH-dependent reductase producing 
glycerol. It was assumed that a constitutive dihydroxyacetone (DHA) reductase 
and possibly also a glyceraldehyde reductase would be found. T. reesei was 
grown on D-galacturonate, glycerol, lactose, D-glucose and D-xylitol and the 
crude mycelial extracts were tested for reductase activity with L- or D-
glyceraldehyde and NADPH. Similar activities were observed on all carbon 
sources, demonstrating that glyceraldehyde reductase activity was not 
specifically induced on D-galacturonate. 
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3.4.1  Cloning the glyceraldehyde reductase and DHA reductase 
In order to find glycerol dehydrogenase genes in the T. reesei genome, the 
partial amino acid sequences of A. niger NADP+-dependent glycerol 
dehydrogenase (Norbeck and Blomberg, 1997) were compared to the translated 
T. reesei genome sequence. Two potential open reading frames were identified. 
The start and the stop codons were also predicted by comparing other glycerol 
dehydrogenase sequences to the T. reesei genomic DNA. One open reading 
frame was cloned from T. reesei cDNA and called gld1 and the other from 
genomic DNA, since it did not appear to have any introns, and was called gld2. 
When the cloned gld1 sequence was compared to the corresponding genomic 
DNA, three introns were detected. The open reading frame that codes for a 331 
amino acid protein was deposited in NCBI GenBank with the accession number 
DQ422037. In the T. reesei genome database v2.0 it has a protein ID 120911. 
The open reading frame of gld2 that codes for a 318 amino acid protein was 
deposited in the NCBI GenBank with accession number DQ422038. In the T. 
reesei genome database v2.0 it has a protein ID 122778. Both cloned genes were 
expressed in S. cerevisiae under a constitutive promoter in a multicopy plasmid. 
Activities were measured in the crude cell extracts. The gld1-expressing strain 
showed activity when NADPH and DL-glyceraldehyde were used as substrates. 
No activity was detected in the other direction with NADP+ and glycerol. The 
gld2-expressing strain did show activity with NADP+ and glycerol or with 
NADPH and DHA, but very low activity with D- and L-glyceraldehyde. 
3.4.2 Characterisation of the glyceraldehyde reductase and DHA 
reductase 
An N-terminal polyhistidine tag was added to the GLD1 and GLD2 and the 
enzymes were produced in S. cerevisiae. The tags did not interfere with the 
activities and therefore the purified tagged enzymes were used in kinetic 
characterisations. Both enzymes were specific for NADPH as a cofactor. The 
GLD1 catalysed reduction of D-glyceraldehyde and L-glyceraldehyde to 
glycerol. The Michaelis-Menten constant Km for both was about 0.9 mM and for 
NADPH about 40 µM. The enzyme also had significant activity with glyoxal, 
methylglyoxal and diacetyl but no activity in the other direction with glycerol 
and NADP+. The purified GLD2 reduced DHA and oxidised glycerol. The 
Michaelis-Menten constant Km for DHA was 1 mM and for NADPH 50 µM. In 
the oxidative direction the Km for glycerol was 350 mM and for NADP+ 110 
µM. 
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4. Discussion 
The four new enzymes of the previously unknown D-galacturonate pathway are 
discussed below separately and also together as a pathway. Some possible 
biotechnological applications of this newly discovered pathway are also 
presented. 
4.1 The fungal D-galacturonate pathway 
It is common that in a pathway one or two of the reactions are irreversible 
(Nielsen, 1997). An irreversible reaction creates a force which pushes 
metabolites only in one direction along the pathway and also enables an 
organism to control the flux. The second and the fourth enzyme in the fungal D-
galacturonate pathway, the L-galactonate dehydratase and the glyceraldehyde 
reductase, catalysed an irreversible reaction. The other two reactions, catalysed 
by the D-galacturonate reductase and by the L-threo-3-deoxy-hexulosonate 
aldolase, were reversible. 
While we were studying the fungal catabolism of D-galacturonate in 
Trichoderma reesei, another research group was studying this fungal pathway in 
A. niger. Their approach was a transcriptome analysis of A. niger to identify 
genes that were induced specifically on the carbon sources D-galacturonate, 
polygalacturonic acid or sugar beet pectin. They grew A. niger first on D-
fructose, transferred the mycelia to media containing D-galacturonate, collected 
samples after 2, 4, 8 and 24 hours and used the RNA isolated from these samples 
in the transcriptome analysis. In addition to several genes involved in pectin 
degradation and potentially in D-galacturonate transport they found four 
hypothetical genes that formed the D-galacturonate catabolic pathway in A. 
niger. These four genes were predicted to code for D-galacturonate reductase 
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(GAAA), L-galactonate dehydratase (GAAB), 2-keto-3-deoxy-L-galactonate 
aldolase (GAAC) and glyceraldehyde reductase (GAAD) as we had reported 
earlier for T. reesei. They also noticed that a similar D-galacturonate pathway is 
strictly conserved in genomes of pectin-degrading filamentous fungi belonging 
to the subphylum Pezizomycotina. The fungal D-galacturonate pathway gene 
homologues were not found in any of the sequenced yeast fungi (Martens-
Uzunova and Schaap, 2008). 
On the whole the D-galacturonate pathways found in T. reesei and A. niger are 
very similar, but there are also some significant differences. In A. niger 
transcriptome analysis all the four pathway genes were strongly induced by D-
galacturonate (Martens-Uzunova and Schaap, 2008). We observed the enzyme 
activities of the three first enzymes of the pathway (GAR1, LGD1 and LGA1) in 
T. reesei only when grown on D-galacturonate and not on other carbon sources, 
but the activity of the fourth enzyme (GLD1) was not dependent on D-
galacturonate. We also studied the gene induction but used Northern 
hybridization, and of the pathway’s three first genes that were tested only the 
gar1 showed induction on D-galacturonate. The RNA that we used in the 
Northern blot was isolated from T. reesei after growing it on D-galacturonate for 
four days, when the residual D-galacturonate concentration in the culture was 
typically 6–9 g/l. The enzyme activities were still strong at that time point but it 
is not clear why the gene induction was not seen at the mRNA level. In the A. 
niger transcriptome analysis the pathway’s genes were strongly induced after 8 
hours from the transfer to D-galacturonate medium, when the residual D-
galacturonate concentration was 6.2 g/l (Martens-Uzunova and Schaap, 2008). It 
should be noted that in the case of the T. reesei gene induction study that the 
enzyme activity measurements, the D-galacturonate concentration measurements 
and the Northern blot samples were not prepared from the same cultures. In 
addition, Northern blot analysis is not the most sensitive method for studying 
gene transcription; it provides mainly qualitative information of mRNA levels. 
Some other method, such as real-time qPCR or cDNA microarray analysis, 
would have been more suitable for studying quantitative transcription of genes 
of the T. reesei D-galacturonate pathway. 
When comparing amino acid sequences of the A. niger GAAB, GAAC and 
GAAD to T. reesei LGD1, LGA1 and GLD1 it can be seen that the identities are 
76%, 60% and 57%, respectively (Table 4). For these three sequences there are 
no other sequences with higher identities in the two organisms. The high degree 
of identity indicates that these enzymes probably have the same functions in 
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both species. By comparison, the enzymes of the glycolytic pathway in T. reesei 
and A. niger have 60–86% identical amino acid sequences. On the other hand the 
amino acid sequences of the T. reesei GAR1 and the A. niger GAAA were only 
13% identical, even though both have been produced in a heterologous host and 
have been shown to code for an active D-galacturonate reductase enzyme. 
However, although the amino acid sequences were not related, the structures and 
functions of these two enzymes could be similar. The GAR1 was NADPH-
dependent. GAAA preferred NADPH as a cofactor, but it could also use NADH. 
It is possible that two non-homologous genes code for the first enzyme in the T. 
reesei and Aspergillus pathways. It is conceivable that differing cofactor 
requirements in these mould fungi might have created an evolutionary pressure 
to use different D-galacturonate reductases. At the same time, T. reesei has an 
orthologous gene to A. niger gaaA in its genome, designated gar2, and A. niger 
has an orthologue to T. reesei gar1. In amino acid sequences the identity 
between the hypothetical GAR2 and GAAA is 70% and between GAR1 and the 
hypothetical A. niger counterpart 61% (Table 4). It is not known whether the 
gar2 in T. reesei or the gar1 orthologue in A. niger is expressed, or whether they 
code for active enzymes. 
Table 4. The identities between amino acid sequences of the T. reesei and the A. niger 
D-galacturonate pathway enzymes.  
 T. reesei A. niger Identity 
D-Galacturonate reductase GAR1 GAR1 ortholog 61% 
D-Galacturonate reductase GAR2 GAAA 70% 
 GAR1 GAAA 13% 
L-Galactonate dehydratase LGD1 GAAB 76% 
L-Threo-3-deoxy-hexulosonate aldolase LGA1 GAAC 60% 
Glyceraldehyde reductase GLD1 GAAD 57% 
 
We have shown that deleting gar1 in T. reesei almost abolishes growth on D-
galacturonate, and therefore the gar2 cannot replace the deleted gar1 (Mojzita et 
al., 2010). Conversely, it was shown in A. nidulans and A. niger that if the 
activity of GAAA was lost the mould fungus did not grow on D-galacturonate as 
the gar1 orthologue could not compensate for the missing activity (Uitzetter et 
al., 1986; Mojzita et al., 2010). In A. niger only the gaaA was strongly induced 
on D-galacturonate, whereas the gar1 orthologue was not. Nevertheless, both 
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genes are conserved not only in T. reesei and in A. niger but also in the other 
Pezizomycotina. This suggests that both these genes are important for pectin-
degrading fungi and could therefore indicate that both are in some way involved 
in D-galacturonate catabolism. Possibly the capacity to use either one of the two 
different D-galacturonate reductases gives these filamentous fungi an advantage 
to adapt to changing growth conditions more efficiently. 
In the A. niger genome the gaaA and gaaC share the same promoter region. 
The arrangement with the bidirectional promoter region between these two 
genes is a conserved feature in fungi having the D-galacturonate pathway gene 
homologues. This means that in T. reesei the hypothetical gar2 gene also shares 
the same promoter region with the lga1. This in turn could indicate that gar2 is 
also induced on D-galacturonate in T. reesei.  
Deleting any of the genes gar1, lgd1 or lga1 in T. reesei abolished almost all 
growth on D-galacturonate, indicating that there is no alternative D-
galacturonate pathway. Although the lgd1-deletion strain did not use D-
galacturonate for growth, it removed some of the D-galacturonate from the 
medium. At the same rate as D-galacturonate disappeared, approximately an 
equal amount of L-galactonate accumulated in the culture. This was not 
observed with the wild-type strain. In a similar way, all the D-galacturonate that 
was removed from the medium by the lga1-deletion strain appeared to be 
converted to L-threo-3-deoxy-hexulosonate. The concentrations of L-galactonate 
and L-threo-3-deoxy-hexulosonate were measured only from the growth 
medium; intracellular concentrations were not measured. However, it is assumed 
that D-galacturonate is taken up by the fungus and after that the catabolism 
proceeds inside the mycelia. Probably in the lgd1- and lga1-deletion strains the 
intracellular concentrations of the accumulated compounds became so high that 
they leaked out into the growth medium. Surprisingly, the gar1-deletion strain 
also removed some of the D-galacturonate from the medium, although it did not 
use it for growth. It was not clear to what compound D-galacturonate was 
converted (Mojzita et al., 2010). Possibly a double deletion with gar2 would 
have completely prevented the disappearance of D-galacturonate from the 
growth medium. The gar1-deletion strain was not tested for D-galacturonate 
reductase activity. When purifying GAR1 from the wild type T. reesei we 
observed two fractions that had activity with D-galacturonate and NADPH, but 
since the activity of one fraction was only about 10% compared to the GAR1 it 
was not further investigated. It would also be interesting to know whether the 
gar2-deletion alone would result in an altered phenotype when grown on D-
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galacturonate, or whether the expression of gar2 in a heterologous host would 
result in an active enzyme.  
4.2 The D-galacturonate reductase  
The purified GAR1 had a molecular mass of 40 kDa as estimated by SDS-
PAGE, whether it originated from T. reesei or had been produced as a tagged 
enzyme in S. cerevisiae. The calculated molecular mass was only 33 940 Da. 
Glycosylation could explain the difference in mass, although this was not further 
studied. 
The T. reesei GAR1 and the recently cloned and characterised A. niger D-
galacturonate reductase GAAA (Martens-Uzunova and Schaap, 2008) had 
several differences. These D-galacturonate reductases had non-homologous 
amino acid sequences and different substrate specificities. The GAR1 was 
NADPH-dependent, whereas the GAAA was shown to use both NADH and 
NADPH as cofactors. Of the cofactors GAAA had clearly higher affinity for 
NADPH, as its Km was 0.036 mM whereas that for NADH was 0.326 mM. With 
the polyhistidine-tagged GAR1 the Km for NADPH was 0.030 mM, which is 
similar to that of GAAA. Other differences in the kinetic properties were that the 
GAAA has a much lower Km value for D-galacturonate than GAR1 (0.175 mM 
and 6 mM, respectively) and also lower Vmax (9 U/mg and 40 U/mg, 
respectively). Both GAR1 and GAAA had strongest activity with D-
galacturonate as a substrate but also reacted with D-glucuronate. DL-
Glyceraldehyde was not a substrate for GAAA as it was for GAR1. 
There have also been earlier reports of D-galacturonate reductase activity in 
some other eukaryotes. However, this activity was always connected to L-
ascorbic acid synthesis. Some animal enzymes, for example an NADPH-
dependent glucuronolactone reductase (EC 1.1.1.20) in rat kidney and an 
NADPH-dependent aldehyde reductase in chicken kidney, were shown to have 
activity with D-galacturonate but the corresponding genes were not identified 
(Hara et al., 1983; Hayashi et al., 1984). In addition to several other substrates 
they could also react with D-glucuronate and DL-glyceraldehyde, as could the T. 
reesei GAR1. An NADPH-dependent D-galacturonate reductase was also 
purified from ripe strawberry fruit (Fragaria x ananassa) and the corresponding 
gene was identified (Agius et al., 2003). The enzyme was 319 amino acids in 
size and had 30% identity with GAR1. It catalysed the reaction from D-
galacturonate to L-galactonate. Compared to this main reaction it had only about 
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1% of activity with other substrates, D-glucuronate or L-galactose. Even more 
recently a D-galacturonate reductase was reported in a unicellular alga Euglena 
gracilis (Ishikawa et al., 2006). This enzyme had a broad substrate specificity, 
reacting also with D-galacturonate, D-glucuronate and DL-glyceraldehyde. It 
was able to use both NADPH and NADH as an electron donor but had about 
fivefold higher activity with NADPH compared to NADH. On the basis of a 
short N-terminal sequence published it was seen that this enzyme and T. reesei 
GAR1 are not closely related.   
4.3 The L-galactonate dehydratase 
When the T. reesei L-galactonate dehydratase (LGD1) was identified no 
sequence was available for any enzyme with L-galactonate dehydratase activity. 
Of previously identified enzymes the LGD1 had highest homology with the D-
galactonate dehydratase (EC 4.2.1.6) of E. coli and the mandelate racemase (EC 
5.1.2.2) of Pseudomonas putida (Ransom and Gerlt, 1988). Both had 20% 
identity in amino acid sequences with the LGD1. A D-altronate dehydratase (EC 
4.2.1.7.) that is part of the bacterial D-galacturonate pathway in E. coli had only 
13% identity in the amino acid sequence compared to LGD1. 
An L-fuconate dehydratase (EC 4.2.1.68) was partially purified from the 
fungus Pullularia (Aureobasidium) pullulans and had high specificity for the 
substrates L-fuconate and L-galactonate (Veiga and Guimarães, 1991). The Km 
values were 1.5 mM and 3.3 mM, respectively. An excess of substrate was 
reported to inhibit the reaction. The enzyme was not active with D-arabinonate 
as a substrate. The sequence of this L-fuconate dehydratase was not available. 
Only recently, within the past year, have several bacterial amino acid sequences 
of L-fuconate dehydratases been published. For example the Xanthomonas 
campestris L-fuconate dehydratase enzyme (FucD) has 50% identity in amino 
acids with LGD1. This enzyme was polyhistidine tagged, purified and 
characterised (Yew et al., 2006). It was a homodimeric enzyme and exhibited 
activity with L-fuconate, D-arabinonate and L-galactonate as substrates, with Km 
values of 0.33 mM, 2.1 mM and 6.2 mM, respectively. This was also the order 
of highest activity, indicating that L-fuconate is probably the physiological 
substrate. Weaker reactions were observed with L-talonate, D-ribonate, and D-
altronate as substrates. The structures of these substrates are presented in Figure 
9. After measuring enzyme activity with a considerable number of sugar acid 
substrates it was concluded that the L-fuconate dehydratase is specific for sugar 
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acids with a common structure. These sugar acids have the hydroxyl group of 
the C2 and C5 on the left and those of the C3 and C4 on the right in the Fischer 
projection. L-Fuconate and L-galactonate both have this structure. D-
Arabinonate can also adapt this structure as the hydroxyl group of the C5 is free 
to rotate about the C4-C5 bond. By contrast, in L-talonate and D-ribonate the 
hydroxyl group of the C2 and in D-altronate the hydroxyl group of the C5 is on 
the right and the reaction with these substrates was considerably weaker 
compared to L-fuconate, D-arabinonate and L-galactonate.  
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Figure 9. Substrates of the X. campestris FucD. 
It is possible that the T. reesei L-galactonate dehydratase has the same 
stereochemistry requirement for its substrates as the L-fuconate dehydratase. We 
showed that the LGD1 was able to use L-galactonate and D-arabinonate but 
could not use D-galactonate, D-gluconate, D-xylonate or L-gulonate as reaction 
substrates. From this we concluded that the LGD1 catalyses the reaction with 
sugar acids that have the hydroxyl group of the C2 on the left and of the C3 on 
the right in the Fischer projection. We did not test other sugar acids with this 
structure as reaction substrates because they were not commercially available. 
Our conclusion of the stereospecificity of L-galactonate dehydratase is in 
agreement with what was shown for L-fuconate dehydratase.  
Recently an L-galactonate dehydratase gene was cloned from another 
filamentous fungus, A. niger and expressed in E. coli (Martens-Uzunova and 
Schaap, 2008). The corresponding enzyme GAAB and T. reesei LGD1 have 
76% identity in amino acid sequence. The purified GAAB had activity with L-
galactonate as a substrate, but testing with other sugar acids was not reported. 
For purification purposes the GAAB was polyhistidine tagged at the N-terminus. 
We observed that both N- and C-terminal polyhistidine tags severely interfered 
with the activity of LGD1 and therefore we did not want to use the tagged 
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enzyme in kinetic measurements. Instead we used the cell extract of S. 
cerevisiae that was expressing the T. reesei lgd1.  
In the determination of Michaelis-Menten constants for both the LGD1 and 
the GAAB (Martens-Uzunova and Schaap, 2008), there were uncertainties in the 
obtained activity values. In the activity measurements with LGD1 we did not 
add bivalent cations to the reaction as we only noticed at a later stage of the 
study that the enzyme had such a requirement. On the other hand the yeast cell 
extract itself might have contained the required amount of bivalent cations for 
maximum enzyme activity, since later we observed that adding MgCl2 to the 
reaction did not increase the enzyme activity. In fact with 30 mM of MgCl2 in 
the reaction there was only 49% of the activity left and with 5 mM of MgCl2 
86% as compared to the reaction without added MgCl2. We concluded that the 
loss of activity was caused by the high concentration of chloride ions. For 
measuring reactions with purified polyhistidine tagged GAAB an addition of 5 
mM MgCl2 was justified as there was no cell extract involved. The TBA assay 
(Buchanan et al., 1999) was used to determine the reaction product of both 
fungal L-galactonate dehydratases, LGD1 and GAAB (Martens-Uzunova and 
Schaap, 2008). We noticed that at high substrate concentrations no reaction 
product was detected, which suggested that the high substrate concentration 
completely inhibited the enzyme activity. However, product formation was also 
observed at high substrate concentrations when measured using the DNS assay 
(Bernfeld, 1955), and it was evident that it was actually the TBA assay that was 
disturbed by the high substrate concentration. Comparison of the results obtained 
with these two assaying methods is shown in Figure 10. Because high substrate 
concentration interfered with the TBA assay, we determined the Km value for the 
LGD1 based on the DNS assay results. The problem with this non-specific assay 
was that each individual reducing sugar quantified by this method has its own 
constant for converting absorbance values to concentrations. We did not perform 
a calibration for the L-threo-3-deoxy-hexulosonate, the reducing sugar that was 
measured here, and therefore we could not determine the Vmax for this enzyme. 
Only later did we realise that the TBA assay could have been used to determine 
the Michaelis-Menten constants Km and Vmax if the reaction mixtures had simply 
been diluted before measuring. The group studying the A. niger GAAB reported 
that the enzyme activity was inhibited by an L-galactonate concentration of 10 
mM. They measured that the Km for L-galactonate was 3.4 mM (Martens-
Uzunova and Schaap, 2008). 
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Figure 10. Comparison of the TBA and the DNS assays. The same LGD1 reaction 
mixtures were measured in parallel with both methods. 
The L-galactonate dehydratase belongs to an enolase superfamily. These 
enzymes are related by their ability to catalyse thermodynamically difficult 
abstractions of the α-proton of a carboxylate anion substrate to form an enolic 
intermediate. Although the initial step is common, the substrate and the overall 
reaction can be very different. For example racemisation, β-elimination of water, 
β-elimination of ammonia or cycloisomerisation may occur (Babbitt et al., 
1996). The enzymes of the enolase superfamily have a structure of two 
conserved domains, the N-terminal α+β capping domain and the C-terminal 
(β/α)7β-barrel domain. The N-terminal domain mainly determines the substrate 
specificity, whereas the (β/α)7β-barrel domain contains the catalytic groups and 
the active site is at the interface between these two domains (Gerlt and Raushel, 
2003; Rakus et al., 2007). Unique to enolases is that a pair of bound divalent 
metal ions is present at the active site. These metal ions are believed to be 
important in stabilising the transition state of the proton transfer reaction 
(Richard and Amyes, 2001). The enzymes belonging to the mandelate racemase 
(MR) subfamily of the enolase superfamily have specific conserved residues at 
the (β/α)7β-barrel domain that are involved in metal ion binding and activity 
(Babbitt et al., 1996). They are the Lys-x-Lys motif at the end of the second β-
strand; Asp, Glu, and Glu residues that bind Mg2+ at the end of the third, fourth, 
and fifth β-strands; a His-Asp dyad at the end of the seventh and sixth β-strands; 
and a Glu at the end of the eighth β-strand (Yew et al., 2006). All the members 
of the MR subfamily have these residues in common even though some catalyse 
the MR reaction (~100 sequences) and others a dehydration of acid sugars (~385 
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sequences) (Rakus et al., 2007). For example these residues are present in the 
sequences of both L-galactonate dehydratases, T. reesei LGD1 and A. niger 
GAAB, as well as in the X. campestris L-fuconate dehydratase (Figure 11). The 
dehydration reaction is proposed to be irreversible. This is because the enol form 
of the product converts to its keto tautomer, which is more stable and greatly 
predominates at equilibrium relative to the enol tautomer (Figure 12) (Babbitt et 
al., 1996).  
     The LGD1 had half of its maximum activity at an L-galactonate 
concentration of about 5 mM. When measured with the crude mycelial extract of 
D-galacturonate-grown T. reesei and a substrate concentration of 7.5 mM, the 
activity was 0.018 U/mg of protein. Therefore in the crude mycelial extract the 
maximum activity could be around 0.03 U/mg of protein. This activity is low for 
example when compared to the GAR1 activity. The GAR1 activity was about 
0.25 U/mg of protein with the crude extract of D-galacturonate-grown mycelia 
and a D-galacturonate concentration of 94 mM and NADPH at 250 μM. At these 
concentrations the GAR1 already had the maximum activity, as the Km for D-
galacturonate was 6 mM and for NADPH 30 μM. Most probably the reaction 
catalysed by the LGD1 is irreversible. An enzyme with an irreversible reaction 
allows metabolites to run only in one direction through the pathway. Therefore 
the low activity of LGD1 might be beneficial. A high LGD1 activity would lead 
to high flux through the whole catabolic pathway. This could lead for example to 
a depletion of NADPH, which would probably be detrimental for the organism. 
 
 
4.
 D
is
cu
ss
io
n 
52
 
  
  
  
  
  
  
  
  
10
  
  
  
  
20
  
  
  
  
30
  
  
  
  
40
  
  
  
  
50
  
  
  
  
60
  
  
  
  
70
  
  
  
  
80
  
  
  
  
90
  
  
  
 1
00
  
  
  
  
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
LG
D1
  
  
MS
EV
TI
TG
FR
SR
DV
RF
PT
SL
DK
TG
SD
AM
NA
AG
DY
SA
AY
CI
LE
TD
--
SA
HS
GH
GM
TF
TI
GR
GN
DI
VC
AA
IN
HV
AD
RL
KG
KK
LS
SL
VA
DW
GK
TW
RY
LV
ND
SQ
GA
AB
  
  
--
MV
KI
TS
FT
TR
DV
RF
PT
SL
DK
TG
SD
AM
NA
AG
DY
SS
AY
CI
IY
TD
--
SD
YT
GH
GM
TF
TI
GR
GN
EI
VC
SA
IS
LL
AP
LV
VG
KD
LD
EL
TA
DW
GK
T W
RY
LV
SD
SQ
Fu
cD
  
  
--
MR
TI
IA
LE
TH
DV
RF
PT
SR
EL
DG
SD
AM
NP
DP
DY
SA
AY
VV
LR
TD
GA
ED
LA
GY
GL
VF
TI
GR
GN
DV
QT
AA
VA
AL
AE
HV
VG
LS
VD
KV
IA
DL
GA
FA
RR
LT
ND
SQ
MR
  
  
  
MS
EV
LI
TG
LR
TR
AV
NV
PL
AY
PV
H-
-T
AV
GT
VG
TA
PL
VL
ID
LA
TS
--
AG
VV
GH
SY
LF
AY
TP
--
-V
AL
KS
LK
QL
LD
DM
AA
MI
VN
EP
LA
PV
SL
EA
ML
A K
RF
CL
  
  
  
  
  
  
 *
 .
: 
::
 *
..
* 
: 
  
  
  
*:
..
  
  
. 
. 
  
: 
*.
  
  
  
*:
. 
 *
: 
  
  
 :
  
 :
: 
 :
  
 :
 .
  
:.
. 
 *
  
. 
  
  
  
  
. 
   
  
  
  
  
  
  
 1
10
  
  
  
 1
20
  
  
  
 1
30
  
  
  
 1
40
  
  
  
 1
50
  
  
  
 1
60
  
  
  
 1
70
  
  
  
 1
80
  
  
  
 1
90
  
  
  
 2
00
  
  
  
  
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
LG
D1
  
  
LR
WI
GP
EK
GV
IH
LA
LG
AV
VN
AV
WD
LW
AK
TL
NK
PV
WR
IV
AD
MT
PE
EY
VR
CI
DF
RY
IT
DA
IT
PE
EA
VA
ML
RE
QE
AG
KA
KR
IE
EA
LQ
NR
AV
PA
YT
TS
AG
WL
GY
GA
AB
  
  
LR
WI
GP
EK
GV
IH
LA
LG
AV
VN
AL
WD
LW
AK
TL
NK
PV
WR
IV
AD
MT
PE
EF
VR
CI
DF
RY
IT
DA
IT
PE
EA
IA
LL
KE
VE
AG
KQ
DR
IK
EA
EQ
SQ
AV
PA
YT
TS
AG
WL
GY
Fu
cD
  
  
LR
WL
GP
EK
GV
MH
MA
IG
AV
IN
AA
WD
LA
AR
AA
NK
PL
WR
F I
AE
LT
PE
QL
VD
TI
DF
RY
LS
DA
LT
RD
EA
LA
IL
RD
AQ
PQ
RA
AR
-T
AT
LI
EQ
GY
PA
YT
TS
PG
WL
GY
MR
  
  
  
AG
YT
G-
--
-L
IR
MA
AA
GI
DM
AA
WD
AL
GK
VH
ET
PL
VK
LL
G-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
AN
--
AR
PV
QA
--
--
--
--
-Y
--
-D
SH
S-
--
LD
  
  
  
  
  
: 
* 
  
 :
::
:*
 .
.:
  
* 
**
  
.:
. 
:.
*:
 :
::
. 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 :
  
. 
  
  
  
  
  
  
  
  
  
: 
. 
  
  
   
  
  
  
  
  
  
 2
10
  
  
  
 2
20
  
  
  
 2
30
  
  
  
 2
40
  
  
  
 2
50
  
  
  
 2
60
  
  
  
 2
70
  
  
  
 2
80
  
  
  
 2
90
  
  
  
 3
00
  
  
  
  
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
LG
D1
  
  
GE
DK
MK
QL
LR
ET
LA
AG
YR
HF
KV
KV
G-
GS
VE
ED
RR
RL
GI
AR
EI
LG
FD
KG
NV
LM
VD
AN
QV
WS
VP
EA
ID
YM
KQ
LS
EY
KP
WF
IE
EP
TS
PD
DI
MG
HK
AI
RD
AL
K-
GA
AB
  
  
SE
EK
LK
VL
LK
ES
VE
QG
YK
HF
KL
KV
G-
GN
VE
ED
RR
RL
AI
AR
EA
IG
YD
KG
NI
LM
VD
AN
QV
WS
VP
EA
IT
WM
QQ
LA
EF
KP
WF
IE
EP
TS
PD
DI
LG
HA
AI
KK
AL
QD
Fu
cD
  
  
SD
EK
LV
RL
AK
EA
VA
DG
FR
TI
KL
KV
G-
AN
VQ
DD
IR
RC
RL
AR
AA
IG
PD
--
IA
MA
VD
AN
QR
WD
VG
PA
ID
WM
RQ
LA
EF
DI
AW
IE
EP
TS
PD
DV
LG
HA
AI
RQ
GI
T-
MR
  
  
  
GV
KL
AT
ER
AV
TA
AE
LG
FR
AV
KT
KI
GY
PA
LD
QD
LA
VV
RS
IR
QA
VG
DD
--
FG
IM
VD
YN
QS
LD
VP
AA
IK
RS
QA
LQ
QE
GV
TW
IE
EP
TL
QH
DY
EG
HQ
RI
QS
KL
N-
  
  
  
  
. 
. 
  
  
  
 :
  
 *
::
 .
* 
*:
* 
  
::
:*
  
  
  
 *
  
:*
 *
  
  
: 
**
 *
* 
 .
* 
 *
* 
  
: 
* 
: 
  
 :
**
**
* 
 .
* 
 *
* 
 *
:.
 :
  
   
  
  
  
  
  
  
 3
10
  
  
  
 3
20
  
  
  
 3
30
  
  
  
 3
40
  
  
  
 3
50
  
  
  
 3
60
  
  
  
 3
70
  
  
  
 3
80
  
  
  
 3
90
  
  
  
 4
00
  
  
  
  
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
LG
D1
  
  
-P
YG
-I
GV
AT
GE
MC
QN
RV
MF
KQ
LI
MT
GA
ID
IC
QI
DA
CR
LG
GV
NE
VL
AV
LL
MA
KK
YG
VP
IV
PH
SG
GV
GL
PE
YT
QH
LS
TI
DY
VV
VS
GK
LS
--
VL
EF
VD
HL
HE
GA
AB
  
  
TP
YG
PI
GV
AT
GE
MC
QN
RV
VF
KQ
LL
QA
GA
LT
VL
QA
DA
CR
VG
GV
NE
VL
AI
LL
LA
RK
FG
VP
IV
PH
SG
GV
GL
PE
YT
QH
LS
TI
DY
VV
VS
GK
KS
--
VL
EY
VD
HL
HE
Fu
cD
  
  
-P
VP
--
-V
ST
GE
HT
QN
RV
VF
KQ
LL
QA
GA
VD
LI
QI
DA
AR
VG
GV
NE
NL
AI
LL
LA
AK
FG
VR
VF
PH
AG
GV
GL
CE
LV
QH
LA
MA
DF
VA
IT
GK
ME
DR
AI
EF
VD
HL
HQ
MR
  
  
  
--
VP
--
-V
QM
GE
NW
LG
PE
EM
FK
AL
SI
GA
CR
LA
MP
DA
MK
IG
GV
TG
WI
RA
SA
LA
QQ
FG
IP
MS
SH
L-
--
-F
QE
IS
AH
L-
--
--
LA
AT
PT
AH
--
WL
ER
LD
LA
GS
  
  
  
  
  
  
  
 *
  
**
  
 .
  
 :
 :
 :
  
**
  
: 
  
**
 :
:*
**
. 
 :
  
  
:*
 :
:*
: 
: 
.*
  
  
 :
 *
  
 *
* 
  
  
:.
 :
 .
  
  
 :
* 
:*
  
 .
   
  
  
  
  
  
  
 4
10
  
  
  
 4
20
  
  
  
 4
30
  
  
  
 4
40
  
  
  
 4
50
 
  
  
  
  
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
  
  
  
  
 |
 
LG
D1
  
  
HF
LH
PS
VI
KD
GY
YQ
TP
TE
AG
YS
VE
MK
PE
SM
DK
YE
YP
GK
KG
VS
WW
TT
DE
AL
PI
LN
GE
KI
- 
GA
AB
  
  
HF
VH
PS
SV
KD
GY
YV
TP
ME
PG
YS
VE
MK
AE
SM
DA
FS
F P
G E
EG
KS
WW
RS
EE
AK
TI
LE
GP
RI
V 
Fu
cD
  
  
HF
LD
PV
RI
QH
GR
YL
AP
EV
PG
FS
AE
MH
PA
SI
AE
FS
YP
DG
R-
--
FW
VE
DL
AA
SK
AK
A-
--
- 
MR
  
  
  
VI
EP
TL
TF
EG
GN
AV
IP
DL
PG
VG
II
WR
EK
EI
GK
YL
V-
--
--
--
--
--
--
--
--
--
--
--
- 
  
  
  
  
 :
  
. 
 .
: 
* 
  
 *
  
.*
 .
  
 :
  
.:
  
: 
  
  
  
  
  
  
  
  
  
  
  
  
  
 
 
Fi
gu
re
 1
1.
 A
ct
iv
e 
si
te
 r
es
id
ue
s 
an
d 
m
et
al
 i
on
 b
in
di
ng
 s
ite
s 
in
 T
. 
re
es
ei
 L
-g
al
ac
to
na
te
 d
eh
yd
ra
ta
se
 
(L
G
D
1)
, 
A
. 
ni
ge
r 
L-
ga
la
ct
on
at
e 
de
hy
dr
at
as
e 
(G
A
A
B
), 
X
. 
ca
m
pe
st
ris
 L
-fu
co
na
te
 d
eh
yd
ra
ta
se
 (
Fu
cD
) 
an
d 
P
. p
ut
id
a 
m
an
de
la
te
 r
ac
em
as
e 
(M
R
). 
Th
e 
im
po
rta
nt
 a
ct
iv
e 
si
te
 r
es
id
ue
s 
ar
e 
bo
xe
d 
in
 y
el
lo
w
 a
nd
 
th
e 
m
et
al
 b
in
di
ng
 re
si
du
es
 in
 b
lu
e.
 
4. Discussion 
52 
4.
 D
is
cu
ss
io
n 
53
 
   
L
-T
hr
eo
-3
-d
eo
xy
-
he
xu
lo
so
na
te
 
(K
et
o 
fo
rm
)
L-
G
al
ac
to
na
te
C
H
O
C
O
H
H
C
O
H
H
C
H
H
O
C
H
2O
H
C C
O
C
O
H
H
C
O
H
H
C
H
H
O
C
H
2O
H
C
O
C
H
C
O
H
H
C
H
H
O
C
H
2O
H
H
C C C
H
H
C
O
H
H
C
H
H
O
C
H
2O
H
O
:B
-L
ys
 2
21
H
-B
-H
is 
35
6 H
2O
H
is 
35
6-
B:
Ly
s 2
21
-B
-H
C
6
C
5
C
4
C
3
C
2
O
O
H
H
O
H
C
1O
O
-
H H
O
H
HH HC
6
C
5
C
4
C
3
C
2
O
O
H
H
C
1O
O
-
O
H
H H
O
H
HH H
+
En
ol
 
in
te
rm
ed
ia
te
- O
O
C
O
-
O
C
O
-
O
O
-
O
-
M
g2
+
H
H
M
g2
+
M
g2
+
E
ne
di
ol
at
e 
in
te
rm
ed
ia
te
 
 
Fi
gu
re
 1
2.
 T
he
 p
ro
po
se
d 
m
ec
ha
ni
sm
 o
f t
he
 L
G
D
1-
ca
ta
ly
se
d 
re
ac
tio
n.
 M
od
ifi
ed
 fo
r t
he
 L
G
D
1 
fro
m
 th
e 
Fu
cD
-c
at
al
ys
ed
 re
ac
tio
n 
pr
op
os
ed
 b
y 
Y
ew
 e
t a
l.,
 2
00
6.
53 
4. Discussion 
4. Discussion 
54 
4.4 The L-threo-3-deoxy-hexulosonate aldolase 
The L-threo-3-deoxy-hexulosonate aldolase (LGA1) is a putative member of the 
dihydrodipicolinate synthase (DHDPS) family (also called N-acetylneuraminate 
lyase family) that comprises several pyruvate-dependent class I aldolases. The 
enzymes of the class I aldolase family share a common TIM (β/α)8 barrel 
structure but catalyse diverse reactions in different pathways. They all have a 
conserved lysine residue at the active site that stabilises the reaction intermediate 
via Schiff-base formation (Lys174 in LGA1). In addition several other highly 
conserved residues have been found in the enzymes of the DHDPS family 
(Barbosa et al., 2000). Such residues are also present in the LGA1 sequence, 
including the GxxGE motif (from Gly49 toGlu53) that is associated with binding 
the α-keto acid carboxylate moiety of the reaction substrate and the salt bridge 
forming Arg/Glu residues (Arg287 and Glu61) that link the C-terminal three-
helical cluster with the (β/α)8 barrel. The DHDPS family enzymes have a 
common structure in which the N-terminal TIM (β/α)8 barrel is followed by a C-
terminal domain of three α-helices. This structure is also predicted for the 
LGA1. 
The LGA1 showed stereospecificity, as there was activity with L-threo-3-
deoxy-hexulosonate and D-glycero-3-deoxy-pentulosonate but not with D-threo-
3-deoxy-hexulosonate. This suggested that the reaction substrate must have the 
hydroxyl group of the C4 on the right in the Fischer projection. In addition the 
hydroxyl group of the C5 probably has to be on the left, as it is in L-threo-3-
deoxy-hexulosonate. The D-glycero-3-deoxy-pentulosonate can also adopt this 
structure because the single bond at C4-C5 is free to rotate about the bond axis. 
The D-threo-3-deoxy-hexulosonate that was not a substrate has the opposite 
configuration at the C4 and C5 compared to the L-form. The structures of these 
compounds are compared in Figure 13. The LGA1 was also stereospecific in the 
reverse direction. With pyruvate only those aldehydes reacted that had a 
hydroxyl group at the C2 and on the left in the Fischer projection. L-
Glyceraldehyde was a substrate, whereas D-glyceraldehyde was not. The other 
accepted substrates glycolaldehyde and methylglyoxal can rotate the hydroxyl 
group of the C2 on either side. There was no activity with acetaldehyde, which 
does not have a C2 hydroxyl group.  
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Figure 13. A) L-Threo-3-deoxy-hexulosonate and D-glycero-3-deoxy-pentulosonate were 
substrates in the forward reaction of the LGA1. D-Threo-3-deoxy-hexulosonate was not a 
reaction substrate. B) L-Glyceraldehyde, glycolaldehyde and methylglyoxal were 
substrates in the reverse reaction with pyruvate. D-glyceraldehyde and acetaldehyde 
were not reaction substrates. 
A similar enzyme to the T. reesei LGA1, a 2-keto-3-deoxy-L-rhamnonate (L-
erythro-3,6-dideoxy-hexulosonate) aldolase of P. stipitis, cleaves 2-keto-3-
deoxy-L-rhamnonate to pyruvate and L-lactaldehyde (Twerdochlib et al., 1994). 
In equilibrium the reaction mixture consisted of about 90% of the substrate 2-
keto-3-deoxy-L-rhamnonate and 10% of the products pyruvate and L-
lactaldehyde. It could be assumed that the LGA1 also has its equilibrium on the 
side of the substrate. We observed that the L-threo-3-deoxy-hexulosonate 
accumulated to a concentration of about 1.5 mM (0.3 g/l) in the culture when T. 
reesei was grown from four to six days on D-galacturonate. The Km for L-threo-
3-deoxy-hexulosonate was 3.5 mM. In the D-galacturonate pathway there is an 
irreversible reaction both before and after the aldolase reaction. The L-
galactonate dehydratase produces L-threo-3-deoxy-hexulosonate, the substrate 
for the aldolase, while the glyceraldehyde reductase removes L-glyceraldehyde, 
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the reaction product of the aldolase reaction. It appears that the LGA1 can 
operate close to the equilibrium but the constant production of its substrate and 
the removal of its product drive the metabolism in the forward direction. 
The T. reesei wild type strain and the lga1-deletion strain were both cultivated 
in liquid medium containing D-galacturonate. The dry masses of the produced 
mycelia were compared. We also measured the amount of L-threo-3-deoxy-
hexulosonate in the media. Both results were reported separately as grams per 
litre. However, it was not taken into account that there was a lot more of the wild 
type mycelia in the culture compared to the lga1-deletion strain that hardly grew 
on D-galacturonate. Even so, the lga1-deletion strain produced significantly 
more L-threo-3-deoxy-hexulosonate into the growth medium than the wild type 
strain. The amounts of L-threo-3-deoxy-hexulosonate produced with respect to 
the dry masses are presented in Table 5. 
Table 5. Production of L-threo-3-deoxy-hexulosonate (grams per gram of mycelial dry 
mass). 
Strain 2 days 4 days 6 days 
Wild type 0.09 0.08 0.06 
lga1-deletion 3.9 11 19 
 
The concentration of L-threo-3-deoxy-hexulosonate in the culture of the wild 
type strain did not increase along with the amount of mycelium. It appears that 
the flow of metabolites through the D-galacturonate pathway increased when 
more L-threo-3-deoxy-hexulosonate was produced. Therefore the L-threo-3-
deoxy-hexulosonate concentration in the culture was relatively constant 
throughout the six-day experiment. The opposite was true for the lga1-deletion 
strain. A small amount of mycelium was produced in the beginning of the 
experiment from the peptone in the medium. The D-galacturonate could not be 
used for growth because the produced L-threo-3-deoxy-hexulosonate was not 
metabolised further. There was no increase in the mycelial dry mass after two 
days, but the concentration of L-threo-3-deoxy-hexulosonate increased at an 
almost constant rate. The mycelium corresponding to one gram of dry mass 
produced about 3.7 grams (18.5 mmol) of L-threo-3-deoxy-hexulosonate per day 
between days two and six in the experiment. L-Threo-3-deoxy-hexulosonate is 
produced in the irreversible reaction catalysed by L-galactonate dehydratase. 
The accumulation of L-threo-3-deoxy-hexulosonate did not appear to inhibit the 
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preceding reactions, because the production rate did not slow down. The L-
threo-3-deoxy-hexulosonate concentration did not increase when all the enzymes 
of the pathway were present (wild type), which indicates that it is the L-
galactonate dehydratase reaction that sets the limit for the flow rate. From this it 
could be concluded that in vivo in the conditions of this experiment the flow of 
metabolites through the D-galacturonate pathway was about 18.5 
mmol/day/gram of mycelial dry mass. 
4.5 The glyceraldehyde reductase and DHA reductase 
There are two kinds of NADP+-dependent glycerol dehydrogenases. Those 
classified as EC 1.1.1.72 catalyse conversion of glycerol and NADP+ to 
glyceraldehyde, NADPH and H+. The others are classified as EC 1.1.1.156 and 
catalyse the reaction of glycerol and NADP+ to DHA, NADPH and H+. In many 
cases a high pH was required to detect reactions in vitro in this direction 
(Viswanath-Reddy et al., 1978; Schuurink et al., 1990; Witteveen et al., 1990). 
The reason for this is that hydrogen ions are produced in the dehydrogenase 
reaction. At high pH they are neutralised to water and do not accumulate in the 
reaction mixture, which would hinder the reaction (Asnis and Brodie, 1953). 
Under physiological pH conditions the reaction equilibrium was strongly on the 
side of glycerol production. Therefore the enzymes are discussed here as 
glyceraldehyde reductases and DHA reductases, respectively. The enzymes are 
rather unspecific and in general both types can catalyse a reaction with 
glyceraldehyde and DHA. There is, however, a preference for one of these 
substrates over the other. 
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Figure 14. The reactions of NADPH-dependent DHA reductase and NADPH-dependent 
glyceraldehyde reductase.  
Both the NADPH-dependent enzymes, DHA reductase and glyceraldehyde 
reductase, were found in T. reesei. They were called GLD2 and GLD1, 
respectively (Figure 14). The corresponding genes were cloned and expressed in 
S. cerevisiae and the purified enzymes were used in activity measurements. The 
GLD2 had the highest activity with DHA and only low activity with D- and L-
glyceraldehyde in the forward direction. The reverse reaction was detected with 
glycerol. The purified GLD1 preferred D- and L-glyceraldehyde over DHA as a 
substrate. The reverse reaction with glycerol was not detected even at high pH. 
NADPH-dependent reductases that catalyse production of glycerol have been 
found in several other fungal species. A glyceraldehyde reductase purified from 
Neurospora crassa favoured D-glyceraldehyde as a substrate over DHA and L-
glyceraldehyde. The reverse reaction was measured with glycerol (Viswanath-
Reddy et al., 1978). The enzyme from Rhodotorula species used both D- and L-
glyceraldehyde as substrates equally well, whereas the activity with DHA was 
low. The reverse reaction was not detected (Watson et al., 1969). A purified 
DHA reductase of Mucor javanicus had very low activity with glyceraldehyde, 
but preferred DHA as a substrate. There was activity with glycerol in the reverse 
direction (Hochuli et al., 1977). 
Two NADPH-dependent glycerol-producing reductases were found in A. 
niger (Schuurink et al., 1990; Witteveen et al., 1990) and A. nidulans (Schuurink 
et al., 1990; Sealy-Lewis and Fairhurst, 1992). In these species one enzyme was 
constitutively expressed, whereas the other was induced on D-galacturonate. The 
constitutive enzyme of both species resembled a DHA reductase. The preferred 
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substrate was DHA, whereas the activity with D-glyceraldehyde was about 10% 
of that with DHA, and there was no reaction with L-glyceraldehyde. The 
enzymes had activity with glycerol in the reverse direction (Schuurink et al., 
1990). The D-galacturonate-induced enzyme was a glyceraldehyde reductase, as 
was shown with the A. niger enzyme. It had high activity with D-glyceraldehyde 
(Witteveen et al., 1990). The corresponding enzyme of A. nidulans was also 
proposed to be involved in D-glyceraldehyde catabolism, but activity was shown 
only in the reverse direction with glycerol (Sealy-Lewis and Fairhurst, 1992). 
The difference between these Aspergillus species was that when A. nidulans was 
grown on D-galacturonate it produced an additional unspecific NAD+-dependent 
alcohol dehydrogenase that reduced D-glyceraldehyde to glycerol (Hondmann et 
al., 1991). 
Based on its substrate preference the T. reesei GLD2 belonged to the group of 
NADPH-dependent DHA reductases. The same conclusion was made from its 
amino acid sequence. There are few sequences available from similar enzymes 
in other filamentous fungi. The T. reesei GLD2 amino acid sequence was 86% 
identical with the Trichoderma atroviride Gld1 (Seidl et al., 2004) and 71% 
identical with the A. nidulans GldB (de Vries et al., 2003). In T. reesei and T. 
atroviride there were no introns in the corresponding gene, whereas the A. 
nidulans gene contained one intron. The NADPH-dependent alkyl 4-halo-3-
oxobutyrate reductase (KER) of the filamentous fungus Penicillium citrinum did 
not show activity with glycerol and NADP+ (Asako et al., 2005). However, the 
amino acid sequence of KER was 67% identical with GLD2.  
One role of the NADPH-dependent DHA reductase in filamentous fungi is in 
glycerol production. In A. nidulans two pathways have been shown to operate 
simultaneously at high osmolarity. In the main route dihydroxyacetone 
phosphate (DHAP) is dephosphorylated to DHA that is then reduced to glycerol 
(Redkar et al., 1995). In the other pathway DHAP is reduced to glycerol-3-
phosphate that is then dephosphorylated to glycerol (Fillinger et al., 2001). 
Another proposed role for DHA reductase was that it rapidly converts the toxic 
DHA into glycerol. The enzyme apparently has high physiological importance, 
as it was present at high concentrations under different growth conditions 
(Schuurink et al., 1990). 
Sequences of NADPH-dependent glyceraldehyde reductases of filamentous 
fungi were not known before the T. reesei GLD1. However, S. cerevisiae has 
NADPH-dependent reductases Ypr1p and Gcy1p that preferred DL-
glyceraldehyde over DHA as a substrate (Petrash et al., 2001; Ford and Ellis, 
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2002). Their amino acid sequences have been published (Norbeck and 
Blomberg, 1997) and both are 37% identical with the T. reesei GLD1 (40% and 
39% with GLD2, respectively). By comparison, the identity of GLD1 with the 
above-mentioned A. nidulans GldB, P. citrinum KER and T. atroviride Gld1 is 
41%, 40% and 37%, respectively. It was observed in the transcriptome analysis 
of A. niger that gaaD that was the closest homologue in this species to the T. 
reesei gld1 gene that was specifically induced on D-galacturonate (Martens-
Uzunova and Schaap, 2008). The corresponding enzymes are 57% identical. 
However, the enzyme activity of GAAD has not been reported.  
The main role of the NADPH-dependent glyceraldehyde reductase is in the 
catabolism of glyceraldehyde. D-Glyceraldehyde is produced in the non-
phosphorylated pathway for D-gluconate (Elzainy et al., 1973) and D-galactonate 
catabolism (Elshafei and Abdel-Fatah, 2001). L-Glyceraldehyde is generated in 
the D-galacturonate pathway. All these three pathways involve a dehydratase and 
an aldolase that sequentially convert the sugar acid to the corresponding 2-keto-3-
deoxy sugar acid and then to pyruvate and glyceraldehyde.  
It could be assumed that the T. reesei GLD2 is constitutively expressed and that 
the GLD1 is induced when grown on D-galacturonate. However, in contrast to the 
glyceraldehyde reductases of A. niger (Witteveen et al., 1990) and A. nidulans 
(Sealy-Lewis and Fairhurst, 1992), the GLD1 activity was not specifically induced 
on D-galacturonate. The GLD1 activity was tested after growth on D-
galacturonate, glycerol, lactose, D-glucose and D-xylitol and similar activity was 
observed with L- and D-glyceraldehyde in all the tested crude mycelial extracts. 
This could indicate that the GLD1 has a more general role in T. reesei than to 
reduce L-glyceraldehyde produced in the D-galacturonate pathway. 
T. reesei converts D-galacturonate to pyruvate and glycerol. Pyruvate is an 
intermediate in several central metabolic pathways. For example, pyruvate can 
be further converted into carbohydrates, fatty acids, the amino acid alanine or 
energy. T. reesei is also able to utilise glycerol. Most probably the main route for 
glycerol catabolism in T. reesei proceeds via glycerol kinase and a mitochondrial 
FAD-dependent glycerol-3-phosphate dehydrogenase, as in A. nidulans and in 
most other eukaryotic organisms when growing on glycerol (Hondmann et al., 
1991). The product DHAP is an intermediate of the glycolytic pathway, as can 
be seen in Figure 15. In another possible pathway glycerol is first converted to 
DHA by a reverse reaction of an NADPH-dependent DHA reductase and 
subsequently to DHAP by a DHA kinase. In A. oryzae this is the preferred 
catabolic glycerol pathway (Salazar et al., 2009). This route produces NADPH 
4. Discussion 
61 
at the expense of NADH and ATP (Norbeck and Blomberg, 1997). Using this 
route might also be beneficial for T. reesei growing on D-galacturonate, since 
the D-galacturonate pathway consumes two molecules of NADPH per one 
molecule of D-galacturonate.  
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Figure 15. D-galacturonate and presumed glycerol metabolic pathways of T. reesei and 
their relationship to glycolysis. 1 NADPH-dependent D-galacturonate reductase; 2 L-
galactonate dehydratase; 3 L-threo-3-deoxy-hexulosonate aldolase; 4 NADPH-dependent 
glyceraldehyde reductase; 5 NADPH-dependent DHA reductase; 6 glycerol kinase; 7 
FAD-dependent glycerol-3-phosphate dehydrogenase; 8 NAD+-dependent glycerol-3-
phosphate dehydrogenase; 9 glycerol-3-phosphate phosphatase; 10 DHA kinase. 
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4.6 Biotechnological applications of the D-galacturonate 
pathway  
The production of citrus, apple or sugar beet juice generates processing residues 
that contain large amounts of pectin and other carbohydrate polysaccharides. 
Several million dry tons of these residues are produced globally every year, 
which causes disposal problems. Currently, these carbohydrate-rich residues are 
mainly used as cattle feed, but their feed value is low because of the low protein 
content (Grohmann and Bothast, 1994). Furthermore, for transporting and to 
prevent spoilage the residues must be dried and pelletised. In the case of sugar 
beet this can require up to 30–40% of the total energy of the processing (Doran 
et al., 2000). This kind of a carbohydrate-rich by-product could be a potential 
raw material for microbial conversion to more valuable products. 
In many plant materials complexes of lignin and hemicellulose protect 
cellulose fibres from enzymatic hydrolysis. In citrus, apple and sugar beet 
processing residues the lignin content is low and the monomeric sugars can 
easily be released by treatment with cellulolytic and pectinolytic enzymes 
(Grohmann and Bothast, 1994). After extraction of sucrose from sugar beet, 70–
75% of the dry mass of the remaining pulp is still carbohydrates, mainly D-
glucose (21.1%), D-galacturonate (21.1%), L-arabinose (20.9%) and five other 
sugars (10% altogether) (Micard et al., 1996). 
Two fungi, T. reesei and A. niger, have been metabolically engineered to 
convert D-galacturonate to galactarate. In both fungi the gene coding for the D-
galacturonate reductase, the gar1 in T. reesei and the gaaA in A. niger, was first 
deleted in order to prevent them from catabolising D-galacturonate. Then a gene 
from A. tumefaciens that codes for an NAD+-dependent D-galacturonate 
dehydrogenase (EC 1.1.1.203) was introduced to both strains. The enzyme 
catalyses the conversion of D-galacturonate to galactarate. The T. reesei strain 
produced galactarate at a high yield. The A. niger strain was apparently able to 
metabolise galactarate, which resulted in a lower yield. Galactarate has 
applications for example in the food, cosmetics and pharmaceutical industries. It 
might also be useful in synthesising polymers (Mojzita et al., 2010). 
The T. reesei strain in which the lgd1, the gene coding for the L-galactonate 
dehydratase, was deleted was unable to grow on D-galacturonate but converted 
it to L-galactonate. L-Galactonate could be useful as an acidifying agent in the 
food industry and could also have applications in the cosmetics industry. The L-
galactonate dehydratase enzyme (LGD1) could be used to produce L-threo-3-
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deoxy-hexulosonate from L-galactonate or D-glycero-3-deoxy-pentulosonate 
from D-arabinonate. The reaction catalysed by the LGD1 is irreversible and the 
substrate would be completely converted to the dehydrated product. L-Threo-3-
deoxy-hexulosonate could also be produced from D-galacturonate with a T. 
reesei strain in which lga1, the gene coding for L-threo-3-deoxy-hexulosonate 
aldolase, was deleted. This strain did not grow on D-galacturonate but converted 
it to L-threo-3-deoxy-hexulosonate. 
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5. Conclusions and future prospects 
Previously it was not known how eukaryotes catabolise D-galacturonate, 
although there was evidence that such a pathway exists and that it is different 
from the prokaryotic D-galacturonate pathways. In this study the first eukaryotic 
catabolic D-galacturonate pathway was identified in the filamentous fungus 
Trichoderma reesei. This novel pathway consisted of four enzymes. These four 
new fungal enzymes were NADPH-dependent D-galacturonate reductase, L-
galactonate dehydratase, L-threo-3-deoxy-hexulosonate aldolase and NADPH-
dependent glyceraldehyde reductase. In the first step D-galacturonate reductase 
used NADPH as a cofactor to convert D-galacturonate to L-galactonate. This 
was a reversible reaction. In the second step L-galactonate dehydratase removed 
a water molecule from L-galactonate and this irreversible reaction produced L-
threo-3-deoxy-hexulosonate. In the third step L-threo-3-deoxy-hexulosonate 
aldolase cut the carbon chain of L-threo-3-deoxy-hexulosonate in the middle, 
which produced pyruvate and L-glyceraldehyde. This enzyme reaction also 
operated in the reverse direction. In the fourth step L-glyceraldehyde was 
converted to glycerol by an NADPH-dependent glyceraldehyde reductase. The 
backward reaction was not detected with this enzyme.  
The first three enzyme activities were present in the crude mycelial extract 
only when T. reesei was grown on D-galacturonate, which indicated that these 
enzyme activities were involved in D-galacturonate utilisation. When the 
corresponding gene of any of these three enzymes was deleted in T. reesei the 
resulting strain was no longer able to grow with D-galacturonate as the only 
carbon source. This showed that these enzymes were essential for D-
galacturonate catabolism and that there were no alternative pathways in T. 
reesei. The same set of enzymes also operated in Aspergillus niger in D-
galacturonate catabolism, and there is genetic evidence that the same pathway is 
5. Conclusions and future prospects 
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also conserved in other plant cell wall-degrading fungi in the subphylum 
Pezizomycotina (Martens-Uzunova and Schaap, 2008). 
For a long time there has been a strong interest worldwide in producing 
ethanol efficiently from plant biomass for use as a renewable transport fuel. 
Many different approaches have been developed and tested to find the best ways 
for ethanol production. The catabolic D-galacturonate pathways have also been 
seen to have some potential in this respect. It has been suggested that D-
galacturonate could be converted to ethanol by S. cerevisiae after equipping it 
with a heterologous D-galacturonate pathway along with a D-galacturonate 
transporter (van Maris et al., 2006). However, if the fungal D-galacturonate 
pathway were to be used, one of the main problems with this hypothetical yeast 
strain might be its increased need for NADPH, because two enzymes of the 
fungal pathway were NADPH-dependent reductases.  
Converting the various components of different biomaterials to more valuable 
products has become currently one of the main goals in biotechnology. 
Filamentous fungi are important tools in biotechnology. Basic research on their 
physiology and enzymology, as performed in this thesis work, creates a basis 
from which the various biotechnological applications arise. It has already been 
shown that the different deletion strains constructed during this work can be 
used to convert D-galacturonate to L-galactonate or to L-threo-3-deoxy-
hexulosonate and with additional metabolic engineering to galactarate (Mojzita 
et al., 2010). In addition, all the four new genes of the fungal D-galacturonate 
pathway could be cloned and expressed in Saccharomyces cerevisiae as 
functional enzymes. Discovering new enzymes always extends the possibilities 
to develop new biotechnological applications. 
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